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A spudcan is a steel conical footing connected to each leg of a jack-up rig. It is 
installed into the seabed by penetration under the self-weight of the rig and the added 
water ballast. In soil profile containing a layer of stiff clay or crust overlying soft clay, 
herein referred to as two-layer clay, the soil resistance-versus-penetration curve may 
show a peak resistance followed by a significant decease in resistance with spudcan 
penetration depth. This presents potential for rapid penetration or ‘punch-through’ of 
the spudcan, which could cause damage to the rig and harm the personnel onboard. 
The purpose of the present study is to investigate the factors affecting spudcan load-
penetration response in two-layer clay and the associated potential for punch-through, 
as well as to investigate the effects of strain-softening material behaviour of the crust 
on the load-penetration response. 
Centrifuge tests of spudcan penetration in two-layer clay are conducted to obtain 
measurements of load-penetration response as well as observations of soil failure 
mechanisms during the penetration. To enable comprehensive parametric studies, 
numerical analysis of spudcan penetration in two-layer clay is conducted using 
Eulerian finite element method. A simple strain-softening soil model is employed to 
account for the strain-softening material behaviour of the crust. 
The spudcan load-penetration response is shown experimentally to change from one 
that exhibits post-peak reduction in load with penetration to one that exhibits 
monotonic increase in load with penetration when the crust layer thickness (relative to 
the spudcan diameter) decreases below a certain value. The failure mechanisms during 
spudcan penetration are characterised by punching failure in the crust layer and the 
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associated trapping of a crust plug beneath the spudcan, coupled with local or 
punching shear failure in the soft clay layer. With larger crust layer thicknesses, the 
horizontal and upward displacements in the soft clay decreases, and so does the ratio 
of the final thickness of the crust plug to the original thickness of the crust layer. 
The numerical analysis using Eulerian finite element method is shown to give 
reasonably good predictions of spudcan load-penetration responses in comparison with 
the experimental data, with errors generally less than 15%. The simulated soil 
deformation patterns during spudcan penetration are also shown to be in good 
agreement with the experimental observations. The analysis also shows that a strain-
softening crust that is ‘brittle enough’ may be simply approximated by an equivalent 
non-softening crust with strength equal to the softened (or residual) strength. 
Based on the experimental and the numerical results obtained, a design method for 
estimating spudcan load-penetration response in two-layer clay is developed using the 
concepts of the standard bearing capacity theory. The proposed design method is based 
on the superposition of the spudcan resistance in weightless two-layer clay and the 
assumed soil surcharge during the spudcan penetration taking into account the effects 
of soil backflow. The proposed design method is shown to give reasonably good 
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Chapter 1 Introduction 
1.1 Background 
A spudcan is a steel conical footing connected to each leg of a jack-up rig. Figure 1.1 
shows a schematic diagram of a three-legged jack-up rig on spudcans. Typical spudcan 
geometry consists of wedge-like sections with inclined base and top sides and a 
pointed tip underneath (Figure 1.2). The spudcan (equivalent) diameter typically 
ranges from 10 m to slightly over 20 m. Spudcans are installed into the seabed to 
provide foundation stability for the jack-up rig during its operation. Their installation 
is carried out by applying an increasing preload under the weight of the jack-up rig and 
the added water ballast in the hull of the rig. SNAME (2002) recommended the total 
preload to be larger than the maximum vertical load under the extreme conditions. The 
maximum spudcan pressure during preloading is typically between 300 and 500 kPa. 
The resulting penetration depth varies from several meters for stiff granular soil to as 
much as several tens of meters for soft clay. The average penetration rate is typically 
about 1 m/hour, and hence the penetration in clayey soil is likely to be undrained.    
Soil profile containing a thin layer of stiff clay or crust overlying soft clay, hereafter 
referred to simply as two-layer clay, is often found in the Southeast Asian Sunda Shelf 
region (Castleberry & Prebaharan, 1985). For such profile, the soil resistance-versus-
penetration curve may show a peak resistance followed by a significant decrease in 
resistance during the spudcan preloading, as illustrated in Figure 1.3. The decrease in 
resistance is associated with the punching failure of the crust layer. As the preloading 
is a load-controlled process, the decrease in resistance would cause loss of static 
equilibrium leading to a rapid penetration, usually termed as ‘punch-through’, of the 
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spudcan and the associated jack-up leg. Punch-through of a jack-up leg would cause 
uncontrolled tilting and swaying of the jack-up rig, resulting in large bending moments 
in all the three legs and at the leg-hull connections. Punch-through may cause massive 
economic losses resulting from structural damage of the legs and/or the rig, and 
endanger the personnel onboard. Figure 1.4 shows an example of leg damage due to 
punch-through. 
Besides the two-layer clay profile, punch-through may also occur in sand overlying 
clay as well as in normally consolidated clay where there is ‘set up’ or local stiffening 
of clay caused by delay during spudcan preloading (Rapoport & Young, 1988; Young 
et al., 1984). The occurrence of punch-through is alarming. At least 27 punch-through 
incidents were reported worldwide between 1957 and 2002 with the consequent loss of 
19 human lives (Dier et al., 2004). In Southeast Asia, punch-through incidents 
resulting in both rig damage and lost drilling time were reported to occur at a rate of 
one incident per annum in late 1990s to early 2000s, with the consequential costs 
estimated between US$ 1 and 10 millions per incident (Osbourne & Paisley, 2002). 
These reported rates might be underestimated as it was believed that only 30% to 50% 
of punch-through incidents were formally reported or published in the public domain 
(Osbourne & Paisley, 2002; Young et al., 1984). The proportion of punch-through 
incidents attributed to the two-layer clay profile is not reported. However, a recent 
punch-through incident in such a profile in the Natuna Sea reported by Brennan et al. 
(2006) highlights the potential for punch-through in two-layer clay.  
The above problem suggests the need for studies on spudcan load-penetration response 
in two-layer clay and the associated potential for punch-through. Previous studies on 
spudcan or footing penetration in two-layer clay were conducted by Hossain & 
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Randolph (2010a; 2010b) and Wang & Carter (2002) using experimental and 
numerical modelling. From these studies, the thickness of the crust layer relative to the 
spudcan diameter has been shown to affect the spudcan load-penetration response 
significantly. It has been shown numerically that in weightless two-layer clay, the 
spudcan (or footing) load-penetration response may change from one that exhibits 
post-peak reduction in load with penetration to one that exhibits monotonic increase in 
load with penetration when the crust layer thickness decreases below a certain value. 
However, no experimental results are available to verify whether such change in load-
penetration response occurs for two-layer clay with self-weight, which may be 
important for punch-through considerations in practice. In the previous numerical 
studies, the clay is assumed to be an elastic-perfectly plastic material, i.e. with constant 
strength regardless of plastic strain. On the other hand, the crusts in practice have been 
reported to potentially exhibit strain-softening material behaviour in triaxial tests 
(Brennan et al., 2006; Chan, 2009). The effects of such strain-softening material 
behaviour on the spudcan load-penetration response have yet to be investigated. In 
view of these shortcomings, further studies are recommended. 
1.2 Objectives of present study 
The purpose of the present study is: 
(a)  To obtain experimental measurements of spudcan load-penetration response in 
two-layer clay and the associated soil failure mechanisms for various thicknesses 
of the crust layer relative to the spudcan diameter and various soil strength profiles;  
(b) To investigate experimentally the change in load-penetration response from one 
that exhibits post-peak reduction in load with penetration to one that exhibits 
monotonic increase in load with penetration with decreasing thickness of the crust 
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layer relative to the spudcan diameter; 
(c)  To perform numerical analysis of spudcan penetration in two-layer clay including 
comprehensive parametric studies on factors affecting spudcan load-penetration 
response in two-layer clay; 
(d) To investigate the effects of the strain-softening material behaviour of the crust 
layer on spudcan load-penetration response in two-layer clay;  
(e) To propose a design method for estimating spudcan load-penetration response in 
two-layer clay based on the experimental and the numerical results obtained. 
In the present study, experiments of spudcan penetration in two-layer clay will be 
conducted in a centrifuge to allow simulation of the prototype soil stresses. Spudcan 
load-penetration responses will be measured in ‘full-spudcan’ tests. Soil failure 
mechanisms during spudcan penetration will be analysed using photographs of 
deformed soil captured in ‘half-spudcan’ tests. The experiments will focus on 
investigating the effects of the thickness of the crust layer (relative to the spudcan 
diameter) on the spudcan load-penetration response and the potential for punch-
through as well as the associated soil failure mechanisms. 
Numerical analysis of spudcan penetration in two-layer clay will be conducted using 
Eulerian finite element method. The Eulerian method is employed to enable simulation 
of very large soil deformation during the spudcan penetration. The numerical results 
obtained will be verified with existing experimental data. A simple strain-softening 
soil model will be employed to account for the strain-softening material behaviour of 
the crust layer. From parametric studies, the significant factors affecting the spudcan 
load-penetration response and the potential for punch-through will be identified.  
A design method for estimating spudcan load-penetration response in two-layer clay 
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will be developed using the concepts of the standard bearing capacity theory. The 
proposed design method is based on the superposition of the spudcan resistance in 
weightless two-layer clay and the assumed soil surcharge during the spudcan 
penetration taking into account the effects of soil backflow. The performance of the 
proposed design method will be evaluated by comparisons with existing experimental 
and field data.   
1.3 Outline of thesis 
The subsequent chapters in this thesis are outlined as follows. Chapter 2 reviews 
existing experimental and numerical studies on spudcan penetration in two-layer clay 
as well as the relevant deign methods. Chapter 3 describes the experimental setups and 
procedures as well as soil specimen properties used in the present study. Chapter 4 
presents the experimental measurements of spudcan load-penetration response in two-
layer clay and the associated soil failure mechanisms. Chapter 5 presents the numerical 
analysis of spudcan penetration in two-layer clay including comprehensive parametric 
studies. Chapter 6 presents the proposed design method for estimating spudcan load-
penetration response in two-layer clay. Finally, Chapter 7 gives a summary of the main 
findings in the present study as well as recommendations for further studies on this 
topic. 
 




Figure 1.1. Schematic diagram of jack-up rig on spudcans (after Reardon, 1986) 
 
Figure 1.2. Typical spudcan geometry (after McClelland et al., 1981) 
 
Spudcans 




Figure 1.3. Illustration of punch-through during preloading (after Young et al., 1984) 
 
 






Chapter 2 Literature Review 
2.1 Introduction 
In this Chapter, the properties of the two-layer clay that presents potential for punch-
through in practice are first described. The applicability of bearing capacity solutions 
to the analysis of punch-through is then discussed. Subsequently, existing studies on 
footing penetration in two-layer clay as well as the relevant design methods are 
reviewed in detail, and any shortcomings thereof are discussed. Lastly, an overview of 
the experimental and the numerical techniques relevant to the present study is given. 
2.2 Two-layer clay in practice 
Castleberry & Prebaharan (1985) reported the occurrence of clay crust within thick 
layers of soft clay in 69 out of 452 soil borings conducted in the Southeast Asian 
Sunda Shelf. Clay crust overlying soft clay was noted to be the most common cause of 
punch-through in the Southeast Asian region. Figure 2.1 shows the map of the Sunda 
Shelf. This shelf was exposed during the worldwide lowering of sea level during the 
last major glacial period about 10,000 to 20,000 years ago. It was suggested that the 
crust was formed as a result of exposure and desiccation of surficial marine clay 
during this period. The subsequent general rise in sea level deposited marine clay over 
much of the shelf. Also shown in the figure are the numerous oil and gas exploration 
fields within the shelf, which highlights the potential for punch-through in the region. 
Besides this region, clay crust overlying soft clay was also encountered in the Gulf of 
Mexico (Young et al., 1984) and the North Sea (Osborne, 2005).  
From the soil borings reported by Castleberry & Prebaharan (1985), the crust layer 
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was usually found within 6 m below the seabed, sandwiched by layers of normally 
consolidated soft clay. The thickness of the crust layer typically ranges from 1 to 10 m, 
with an average thickness of 3 m. Given that the range of spudcan diameter is typically 
10 to 20 m, the thickness of the crust layer hence typically ranges from 0.1 to 1 
spudcan diameter. The undrained shear strengths of the crust layer were reported to 
range from 25 to 200 kPa with an average of 100 kPa, whereas the strengths of the 
underlying clay layer range from 10 to 120 kPa with an average of 50 kPa. The crust 
has lower water contents than the underlying clay, and shows high overconsolidation 
ratios (> 5) from oedometer tests. The total unit weights of the crust are between 17.6 
and 19.5 kN/m3 with an average of 18.5 kN/m3, whereas those of the underlying clay 
are between 16.3 and 17.8 kN/m3 with an average of 17 kN/m3. The crust has lighter 
colours than the surrounding clay, and might contain desiccation features such as 
slickensides, ferrous inclusions, and fissures. A photograph of a typical crust sample 
showing ferrous and organic material inclusions is given in Figure 2.2.   
The crust may show strain-softening behaviour in undrained triaxial compression tests. 
Brennan et al. (2006) reported the following stress-strain behaviour of the crust 
samples from the Natuna Sea in unconsolidated undrained triaxial (UU) tests: the 
samples “reached peak undrained strength at approximately 3% to 6% strain beyond 
which the strength was seen to drop off potentially sharply”. Chan (2009) similarly 
noted the strain-softening behaviour in a number of crust samples tested, with post-
peak strength reduction reaching as much as 30% in UU tests. The strain-softening 
behaviour may indicate the presence of strong cementation or structure in the crust, 
which is also reflected in its high overconsolidation ratios. On the other hand, the 
underlying soft clay is not known to exhibit such strain-softening behaviour, possibly 
owing to the lack of cementation in the soft clay.  
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2.3 Bearing capacity solutions 
Solutions for the bearing capacity of a circular footing on the surface of two-layer clay 
(i.e. stiff clay overlying soft clay) are available. These solutions were obtained using a 
range of methods, namely 1) simple averaging of the strengths of the two layers 
(Bowles, 1996; Satyanarayana & Garg, 1980), 2) semi-empirical method (Brown & 
Meyerhof, 1969), and 3) finite element method (Edwards & Potts, 2004; Merifield & 
Nguyen, 2006). Among these, Brown & Meyerhof (1969)’s solution is first reviewed 
here as it forms the basis of SNAME (2002)’s guideline for evaluating spudcan punch-
through in practice (see Section 2.6.1). The applicability of these bearing capacity 
solutions for punch-through analysis will then be discussed. 
Brown & Meyerhof (1969)’s solution for bearing capacity of circular footing on two-
layer clay qf is given by 
1 2 13.0 6.05 6.05f u u u
Hq c c c
B
= + ≤ ,       (2.1) 
where H is the thickness of the upper layer, B is the footing diameter, and cu1, cu2 are 
the strengths of the upper and lower layers, respectively. Equation 2.1 was curve-fitted 
from the experimental results of 1g bearing capacity tests in Brown & Meyerhof 
(1969)’s study. The clay used in these tests showed strain-softening behaviour in both 
unconfined compression and unconsolidated undrained triaxial compression (UU) tests 
(Figure 2.3). In Brown & Meyerhof (1969)’s study, the peak strengths from the 
unconfined compression tests were used for cu1 and cu2. It was noted that the first term 
in the equation represented punching resistance of the upper layer, whereas the second 
term represented full mobilisation of the bearing capacity of the lower layer. It was 
also noted that the first term was lower than the theoretical punching resistance of 
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4(H/B)cu1. This implies that the mobilised average strengths in the upper layer might 
be lower than the peak strengths, which could be attributed to progressive failure 
phenomena (see e.g. Vesic, 1975).  
In spudcan punch-through analysis, however, Brown & Meyerhof (1969)’s solution as 
well as the other bearing capacity solutions mentioned earlier have limited 
applicability. This is because these solutions give a failure load for a footing on the 
surface of two-layer clay, and not the variation of failure load with penetration depth, 
which is the critical basis for punch-through analysis.  
A possible approach to extend the applicability of a bearing capacity solution for 
penetration analysis involves the use of a wished-in-place footing at various depths, 
e.g. as used in SNAME (2002)’s guideline (see Section 2.6.1). In this approach, the 
bearing capacity solution is applied repeatedly for each depth of the wished-in-place 
spudcan, thereby giving a series of failure loads with depth. This approach however 
gives inaccurate representation of the continuously-deforming soil geometry during 
penetration of a footing or a spudcan. As shown by Hossain & Randolph (2010a), the 
actual soil deformation during penetration in two-layer clay involves complex 
distortion of the interface between the upper and the lower layers (see Section 2.4), 
which is not accounted for by the wished-in-place assumption. As such, this approach 
tends to give inaccurate estimate of the load-penetration response in two-layer clay, 
which will be discussed further in Section 2.6.1.  
2.4 Existing experimental studies on footing penetration in two-layer clay 
To the Author’s knowledge, the only existing experimental study on deep footing 
penetration in two-layer clay is that of Hossain & Randolph (2010a). In their study, 
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centrifuge model tests of spudcan penetration in two-layer clay were conducted. The 
study considered two strength versus depth profiles in the lower clay layer: uniform 
and linearly-increasing profiles. The strength in the upper crust layer was assumed to 
be uniform. 
The study reported the measured spudcan load-penetration responses for the following 
ranges of parameters: normalised upper-layer thicknesses H/B from 0.25 to 2.5, and 
strength ratios cu2/cu1 from 0.28 to 0.75 (refer to Figure 2.4 for definition of symbols). 
For cases where the lower-layer strength is linearly-increasing, cu2 here refers to the 
strength at the uppermost level of the lower layer. The centrifuge tests were conducted 
at 100g. Spudcan diameter B was between 30 and 60 mm, representing 3 and 6 m in 
prototype scale, respectively, and upper-layer strength cu1 ranged from 10 to 50 kPa. 
All the reported load-penetration responses show potential for punch-through 
characterised by a post-peak reduction in spudcan load with penetration. The potential 
for punch-through was shown to increase with larger H/B and smaller cu2/cu1.  
On the other hand, Wang & Carter (2002) had, from numerical simulations of strip-
footing penetration in weightless two-layer clay, shown that the load-penetration 
response changed from one that exhibited post-peak reduction in load with penetration 
to one that exhibited monotonic increase in load with penetration when H/B decreased 
below a certain value. Hossain & Randolph (2010a)’s test results, for the range of 
parameters studied, have not shown whether such change in load-penetration 
behaviour occurs for spudcan penetration in two-layer clay with self-weight. Such 
change in load-penetration behaviour may be important for punch-through 
considerations in practice. 
Hossain & Randolph (2010a)’s study also revealed the soil failure mechanisms during 
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spudcan penetration for two tests with different cu2/cu1. In these tests, B = 6 m, H/B = 
0.75, and cu2 is between 11 and 13 kPa with uniform strength versus depth profile. For 
the first test with cu2/cu1 = 0.29, the failure mechanisms were characterised as follows. 
During the initial spudcan penetration, the soil beneath the spudcan moves vertically 
downwards as shear planes approaching vertical direction are formed in the crust layer 
(Figures 2.5(a) & (b)). Further penetration results in the trapping of a crust plug 
beneath the spudcan that gets carried down into the lower layer (Figures 2.5(c) & (d)). 
At deep penetration, soil starts to flow back into the cavity above the spudcan (Figure 
2.5(e)). The thickness of the trapped crust plug was measured to be approximately 
0.8H. On the other hand, for the second test with cu2/cu1 = 0.64, the crust material 
flows around the spudcan during the penetration in the crust layer with no presence of 
distinct shear planes. As a result, no significant crust plug is formed beneath the 
spudcan (Figure 2.6).  
The contrast between the failure mechanisms in both tests could be interpreted as 
follows. In the first test where the lower layer is significantly softer than the crust layer, 
there is greater tendency for the crust material to flow downwards into the underlying 
soft layer. Whereas in the second test, the difference in strength between the two 
layers is smaller, and hence the tendency for downward flow of the crust material is 
also smaller, resulting in more crust material flowing upwards around the spudcan 
instead. 
While the measured load-penetration responses for different H/B were reported by 
Hossain & Randolph (2010a), the effects of H/B on the corresponding soil failure 
mechanisms have not been reported in the literature. Such effects would be useful to 
understand the mechanisms associated with the change in the load-penetration 
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behaviour with H/B as discussed earlier (form post-peak reduction in load with 
penetration to monotonic increase in load with penetration). In addition, while the 
measured load-penetration responses for different strength versus depth profiles in the 
lower clay layer (i.e. uniform and linearly-increasing strength profiles) were reported 
by Hossain & Randolph (2010a), the effects of the strength profile on the 
corresponding soil failure mechanisms have not been reported in the literature. 
2.5 Existing numerical studies on footing penetration in two-layer clay 
Wang & Carter (2002) presented numerical simulations of deep penetration of circular 
and strip (flat) footings in two-layer clay using a finite element method developed by 
Hu & Randolph (1998a) that was later referred to as RITSS (Remeshing and 
Interpolation Technique with Small Strain) (see e.g. Hu & Randolph, 1998b). In this 
method, to circumvent problems associated with excessive element distortion in 
conventional Lagrangian finite element method, a conventional small-strain finite 
element analysis is coupled with periodic remeshing and planar stress interpolation 
techniques (Hu & Randolph, 1998a).  
In Wang & Carter (2002)’s analysis, the footing base and sides were always assumed 
to be perfectly smooth, and for most cases, the two-layer clay was assumed to be 
weightless. The penetration was assumed to be undrained and the soil strengths were 
assumed to be elastic perfectly-plastic Tresca material (non-strain-softening). It is seen 
from their analysis that for weightless two-layer clay with cu2/cu1 = 0.5, the load-
penetration response for strip footing shows monotonic increase in load with 
penetration (or lack of potential for punch-through) for H/B < 0.5 (where B here refers 
to the footing width); whereas for larger H/B, the response shows post-peak reduction 
in load with penetration (or potential for punch-through), as shown in Figure 2.7(a). 
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Similar change in load-penetration behaviour is seen when cu2/cu1 is varied. For 
circular footing penetration in weightless two-layer clay with H/B = 1, ‘post-peak 
reduction’ response is exhibited for cu2/cu1 ≤ 2/3, and otherwise ‘monotonic increase’ 
response occurs for greater cu2/cu1 (Figure 2.7(b)).  
In the same study, the effects of soil self-weight are also analysed, from which it is 
concluded that the soil self-weight tends to suppress the tendency for ‘post-peak 
reduction’ response, or in other words, decrease the potential for punch-through. 
However in these analyses, the soil was constrained not to flow over the top surface of 
the footing during the penetration, thereby effectively preventing soil backflow and 
soil infilling into the cavity above the footing. The soil infilling would add an 
overburden mass on the top of the footing and so reduce the (net) soil resistance on the 
footing, which in turn increases the potential for punch-through (as compared with the 
case without soil infilling). This however is not taken into account in Wang & Carter 
(2002)’s study.    
More recently, Hossain & Randolph (2010b) presented a numerical study of spudcan 
penetration in two-layer clay with self-weight. The analysis was done using RITSS 
(Hu & Randolph, 1998a), like in the previous study of Wang & Carter (2002), coupled 
with a more sophisticated mesh generation procedure referred to as h-adaptive mesh 
refinement (Hu & Randolph, 1998b). Unlike Wang & Carter (2002)’s study, soil 
backflow during spudcan penetration was not prevented in this study and hence more 
realistic results could be expected.  
In Hossain & Randolph (2010b)’s study, the penetration was assumed to be undrained 
and the soil strengths were assumed to be elastic perfectly-plastic Tresca material 
(non-strain-softening). An extensive parametric study was performed with the 
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following parameters: H/B ranging from 0.5 to 2; cu2/cu1 ranging from 0.2 to 0.8; non-
dimensional strength cu2/(γ2′B) ranging from 0.12 to 0.60 (where γ2′ is the submerged 
unit weight of the lower layer); degree of lower-layer strength non-homogeneity 
kB/cu2,0 ranging from 0 to 2 (where k is the rate of strength increase with depth in the 
lower layer, and cu2,0 is the strength at the uppermost level of the lower layer); and 
either fully-rough or fully-smooth spudcan base. It is shown that as H/B increases, the 
spudcan load-penetration response exhibits larger rates of reduction in load with 
penetration, or larger potential for punch-through. Lower cu2/cu1 is also shown to 
increase the potential for punch-through. These are consistent with Wang & Carter 
(2002)’s findings for weightless clay. The non-dimensional strength cu2/(γ2′B) is shown 
to affect the depth of initiation of soil backflow as well as the potential for punch-
through. The depth of initiation of soil backflow increases with cu2/(γ2′B). The 
potential for punch-through also increases with cu2/(γ2′B), at least until soil backflow is 
initiated. The above findings all refer to cases with uniform strength in each clay layer 
(k = 0). For cases with increasing strength (with depth) in the lower layer (k > 0), a 
larger degree of lower-layer strength non-homogeneity kB/cu2,0 is shown to reduce the 
potential for punch-through. This is to be expected as the increasing-strength profile in 
the lower layer provides greater rate of increase in spudcan resistance with depth. 
Spudcan base roughness is shown to have minimal effects on the spudcan load-
penetration response as the fully-smooth base gives resistance that is less than 5% 
smaller than the fully-rough base.  
As discussed in Section 2.2, clay crusts in practice may exhibit strain-softening 
material behaviour within the range of triaxial test measurements, or within maximum 
axial strain of typically 20% (BS1377-8, 1990). The effects of such material behaviour 
on the spudcan-penetration system response in two-layer clay have yet to be 
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investigated. It must be noted that Randolph et al. (2008) and Hossain & Randolph 
(2009a) had incorporated a strain-softening model to study the effects of soil 
remoulding during spudcan penetration in two-layer clay. In these studies, however, 
the strength reduction occurred progressively over a cumulative plastic shear strain of 
more than 1000%, which is considerably larger than the range of triaxial test 
measurements. Hence further investigations may be needed to account for the effects 
of the ‘triaxial-range’ strain-softening behaviour on the spudcan-penetration system 
response in two-layer clay. 
2.6 Existing design solutions for spudcan load-penetration response in two-layer 
clay 
2.6.1 SNAME (2002)’s guideline 
SNAME (2002)’s guideline for estimating spudcan load-penetration response in two-
layer clay is widely used in practice. The guideline consists of the following equations 
for calculating spudcan resistance at different depths in two-layer clay. 
 ( )1 2 0 1 03 1 0.2u c c u c c c uh D hQ A c N s c p A N s d c pB B
 +  
′ ′= + + + ≤ +  
  
,  (2.2) 
for no backflow condition, or 
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γ γ +   ′ ′= + + + ≤ +  
  
,   (2.3) 
for full backflow condition. In the above equations, Q is the spudcan bearing load, A is 
the maximum horizontal cross-sectional area of spudcan, h is the original upper-layer 
thickness minus spudcan depth (i.e. H−D), Nc is the bearing capacity factor for strip 
footing, sc is the bearing capacity shape factor, p0′ is the soil effective overburden 
Chapter 2 Literature Review 
 
19
pressure on side of spudcan at depth equal to D, dc is the bearing capacity depth factor, 
γ′V is the effective weight of soil replaced by spudcan, and other parameters are as 
defined in Figure 2.4. The values of Nc, sc and dc are given by the standard bearing 
capacity theory for uniform soil. It could be seen that SNAME (2002)’s equations 
(Equations 2.2 and 2.3) are extensions of Brown & Meyerhof (1969)’s bearing 
capacity equation (Equation 2.1) that allows bearing capacity calculations at 
successive spudcan depths with the assumption of wished-in-place spudcan. It may 
also be noted that, unlike Brown & Meyerhof (1969)’s equation, SNAME (2002)’s 
equations contain a depth factor for the bearing capacity of the lower layer. The 
wished-in-place assumption of SNAME (2002)’s equations gives soil geometry during 
spudcan penetration as shown in Figure 2.8. During the penetration, the crust directly 
beneath the spudcan gets progressively thinner as the soil layer interface remains 
unchanged from the initial state. Hence this process is equivalent to progressive 
removal of the crust beneath the spudcan during the penetration. Indeed, at a 
penetration depth D = H, the crust directly beneath the spudcan is assumed to reach 
zero thickness, and so the spudcan rests directly on the soft clay layer. This depth also 
represents the maximum depth where SNAME (2002)’s equations could apply; 
beyond this depth, h could no longer be defined and thus the equations cease to apply.  
SNAME (2002)’s guideline also gives a recommendation for the depth of backflow: 
backflow in clay may be assumed not to occur if D ≤ Ncus/γ′, where N is a stability 
factor given by Meyerhof (1972), cus is the average soil strength over depth of 
excavation (or depth of wished-in-place spudcan), and γ′ is the soil submerged unit 
weight (above depth of spudcan). This criterion is based on the stability of a 
cylindrical excavation. As noted by SNAME (2002), spudcan penetration would 
probably cause soil to flow along the spudcan upwards onto the top of the spudcan, 
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which is different from the collapse of an excavation, and hence the criterion may be 
too optimistic.     
The main criticism of SNAME (2002)’s method is the assumption of wished-in-place 
spudcan with progressive removal of the crust beneath the spudcan during the 
penetration. Such assumed mechanism is clearly different from the experimental 
observations by Hossain & Randolph (2010a) as shown in Figure 2.5. The observed 
soil failure mechanism consists of a crust plug trapped beneath the spudcan that is 
pushed into the soft clay layer during the penetration, resulting in a progressive 
indentation in the soft clay while the spudcan is still within the crust layer. The 
progressive indentation in the soft clay is expected to mobilise increasing resistance in 
the soft clay as spudcan penetration advances. The assumption of wished-in-place 
spudcan does not account for this progressive indentation in the soft clay, as a result of 
which, it tends to underestimate the spudcan resistance during the penetration and 
overestimate the rate of reduction in spudcan resistance with penetration (or the 
potential for punch-through). This is evident from Figure 2.9, which compares the 
experimental data of Hossain & Randolph (2010a) with the corresponding SNAME 
(2002)’s predictions. The SNAME (2002)’s predictions are seen to underestimate the 
spudcan resistance by about 30%, with increasing degree of underestimation with 
penetration depth.  
2.6.2  Hossain & Randolph (2009a)’s method  
Hossain & Randolph (2009a) recently developed a design method for spudcan load-
penetration response in two-layer clay. This method consists of equations that are 
curve-fitted from the numerical data of spudcan penetration in two-layer clay. The data 
are obtained using the same numerical method as in Hossain & Randolph (2010b)’s 
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study described in Section 2.4. This method consists of several critical stages as shown 
in Figure 2.10. ‘Stage 1’ corresponds to the depth of triggering punch-through in the 
upper layer or the peak spudcan resistance. ‘Stage 2’ corresponds to the depth  where 
the spudcan resistance is given by the response of the lower-layer clay alone. Between 
‘Stage 1’ and ‘Stage 2’, soil backflow may occur at a depth depending on the soil 
properties and the spudcan diameter. The following several paragraphs will describe 
the solutions in each stage. 
The load-penetration curve up to ‘Stage 1’ is given by the following set of equations 
based on curve-fitting of numerical data. The peak spudcan resistance normalised by 
the strength of the upper layer (q/cu1)p (Figure 2.10) is given by 
2,0
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,     (2.4) 
where cu2,0 is the strength at the uppermost level of the lower layer, and k is the rate of 
strength increase with depth in the lower layer. The normalised penetration depth 
where the peak resistance occurs (D/B)p (Figure 2.10) is given by the following 







B c B c
      
= +               
.      (2.5) 
The load-penetration curve from D/B=0 to D/B=(D/B)p is given by the following 
equation based on curve-fitting of numerical data. 
1 1
/ 0.12ln / 1
pu u p
q q D D
c c B B
        
= +        
         
.       (2.6) 
The load-penetration curve between ‘Stage 1’ and ‘Stage 2’ is given by the following 
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equation based on the equilibrium of forces in the assumed failure mechanism in 
Figure 2.11.  
( )plug,t 1 plug,b ,avg





H c H c
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where Hplug is the thickness of the crust plug beneath the spudcan, which is given by 
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. 
Hplug,t and Hplug,b refer to the thicknesses of the crust plug segments in the upper and 
lower layers, respectively (Figure 2.11). cu,avg is the average of the upper and lower 
layers’ strengths; Nc,deep is the bearing capacity factor curve-fitted from Lu et al. 
(2004)’s numerical cone factor in uniform clay, given by  
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,     (2.9) 
where Nc,limit = 13; and cu2* is the strength of the lower layer at the depth of the 
‘dummy’ spudcan (Figure 2.11). When soil backflow occurs, q from Equation 2.7 is to 
be subtracted by the backfilled soil weight. The depth of initiation of soil backflow is 
equivalent to the limiting cavity depth above the penetrating spudcan ds, which is 
estimated using the following approach. If the limiting cavity depth is within the upper 









.                   (2.10) 
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Equation 2.10 is based on Hossain et al. (2005)’s curve-fitted equation for limiting 
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.                 (2.11) 
Equation 2.11 is curve-fitted from numerical data for penetration in two-layer clay for 
cases where the limiting cavity depth is within the lower layer. The above equations 
(Equations 2.7 to 2.11) give the load-penetration curve up to the depth of ‘Stage 2’ 
where the curve merges with the response for the lower-layer clay alone. 
The response for the lower-layer clay at ‘Stage 2’ and beyond is based on Hossain & 
Randolph (2009b)’s design method for spudcan penetration in single-layer clay. For 
penetration in clay with uniform strength with depth, 
0 2 2 2
b
c u
Vq N c D
A




γ ′= + , for D > ds;                  (2.13) 
where Vb is the volume of embedded spudcan below the maximum diameter, A is the 
maximum horizontal cross-sectional area of spudcan, and V is the total volume of 
spudcan. Assuming smooth-based spudcan, the bearing capacity factors Nc0 and Ncd 
are given in Table 2.1 and by the following equation, respectively, based on curve-
fitting of numerical data (Hossain & Randolph, 2009b). 
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.                 (2.14) 
For penetration in clay with increasing strength with depth, 
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γ ′= + , for D > ds.                 (2.16) 
Assuming smooth-based spudcan, Nc0k and Ncdk are given by the following equations 
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where cu2,D is the strength of clay at the depth of spudcan (D).      
It could be seen that most of the equations in Hossain & Randolph (2009a)’s design 
method are obtained by curve-fitting procedures. In comparison with the previous 
SNAME (2002)’s method, Hossain & Randolph (2009a)’s method may be 
advantageous for several reasons. Firstly, Hossain & Randolph (2009a)’s method is 
based on more rigorous numerical analysis of spudcan penetration in two-layer clay 
and so does not require the assumption of wished-in-place spudcan. Secondly, this 
method could account for increasing-strength (with depth) profile in the lower-layer 
clay. 
This method, however, may give erroneous solutions for lower values of H/B. The 
spudcan resistance (q) in ‘Stage 1’ as given by Equation 2.4 may be zero or negative 
for lower values of H/B. This error could be because the curve-fitting procedure used 
to obtain this equation was based on numerical tests with H/B ≥ 0.5 (Hossain & 
Randolph, 2009a). Hence the equation represents an extrapolation for H/B < 0.5. A test 
case is used to illustrate this error. For k = 0 (uniform strength in the lower-layer clay), 
cu1 = 100 kPa and cu2 = 20 kPa, Equation 2.4 yields negative spudcan resistance for 
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H/B < 0.16. The critical H/B value where the resistance turns negative varies with 
different soil-strength ratios between the two layers and different strength profiles in 
the lower-layer clay. H/B in practice may be less than 0.16 from the field data 
described in Section 2.2, and hence this method may not be correctly used for these 
cases. 
This method may also give inaccurate soil backflow predictions for the case of 
uniform strength in the lower-layer clay. For this case, k = 0, and hence Equation 2.11 
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.                  (2.19) 
Equation 2.19 implies that the depth of initiation of soil backflow in the lower layer is 
dependant on cu1, and is independent of cu2. This is counterintuitive: one would expect 
that the initiation of soil backflow in the lower layer should depend on cu2 rather than 
cu1. As a result, Equation 2.19 would tend to overestimate the depth of initiation of soil 
backflow in the lower-layer clay, especially when cu1 is significantly larger than cu2 
(i.e. cu2/cu1 is low). Figure 2.12 compares the equation with the experimental data of 
Hossain & Randolph (2010a) for the case of uniform-strength lower-layer clay with 
cu2/cu1 < 0.5. The equation is seen to consistently overestimate the experimental data 
by an average 20%. The overestimation of the depth of initiation of soil backflow 
would result in overestimation of spudcan resistance and underestimation of the 
potential for punch-through, which are not conservative.   
2.7 Spudcan penetration in sand overlying clay 
Sand overlying clay offers similarity to two-layer clay in that both soil profiles could 
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present potential for punch-through. Teh et al. (2008; 2010) reported a centrifuge 
model study of spudcan penetration in sand overlying clay.  
A series of ‘half-spudcan’ tests were conducted in Teh et al. (2008)’s study to observe 
soil failure mechanisms during the spudcan penetration. In these ‘half-spudcan’ tests, 
the spudcan diameter was between 3 and 12.5 m (in prototype scale); the sand layer 
thickness normalised by spudcan diameter ranged from 0.5 to 1.67; the average 
relative density of the sand was 85%, hence indicating dense sand; and the strength of 
the underlying clay was between 6 and 16.7 kPa. 
Figure 2.13 shows the observed soil failure mechanisms at six different spudcan 
penetration depths reported in Teh et al. (2008)’s study. Punching failure in the sand 
layer with the associated trapping of sand plug beneath the spudcan is evident. At 
shallow penetration depths corresponding to peak spudcan resistance (Figure 2.13(b)), 
the punching failure surface within the sand layer is seen to curve outwards radially 
away from the edge of the spudcan towards the interface between the two soil layers. 
This is rather different from the corresponding observation in two-layer clay where the 
punching failure surface is straight and inclined closer to the vertical (see Figure 2.5(a) 
to (b)). This difference could be attributed to the different dilatancy between dense 
sand and stiff clay under short-term shearing. While dense sand tends to dilate under 
shearing, stiff clay tends to shear at constant volume in undrained condition as its 
tendency to dilate is suppressed by the negative excess pore water pressure. As noted 
by Teh et al. (2008), the inclination of the punching failure surface in the sand layer is 
closely related to the dilation angle of the sand. Hence the difference in the inclination 
of the failure surface between the sand layer and the stiff clay layer is consistent with 
the different dilatant behaviour between the two materials.   
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At deeper spudcan penetration, the sand wall above the spudcan level is seen to readily 
collapse, causing sand flow onto the top of the spudcan (Figure 2.13(d) to (f)). This 
contrasts with the case of two-layer clay where the upper clay wall tends to remain 
standing (see Figure 2.5(c) to (e)). This difference could be attributed to greater 
cohesion in stiff clay than in sand. In particular, cemented clay may have strong 
cohesion associated with the structure within the clay material. 
Teh at al. (2010) reported experimental measurements of spudcan load-penetration 
response in sand overlying clay in a series of ‘full-spudcan’ tests. In these tests, the 
spudcan diameter was between 2 and 10 m (in prototype scale); the sand layer 
thickness normalised by spudcan diameter ranged from 0.3 to 3.5; the sand relative 
density was between 58% and 99%; and the strength of the underlying clay followed 
normally consolidated profile with cu/σ′v between 0.185 and 0.26. 
The measured spudcan load-penetration responses show greater spudcan resistance as 
well as greater post-peak reduction in spudcan resistance as the sand layer thickness is 
increased. For a given sand layer thickness, the spudcan resistance per unit area of 
spudcan is shown to generally decrease with larger spudcan diameter. Greater sand 
relative density is also shown to accentuate the presence of peak spudcan resistance 
and the associated post-peak reduction. 
In Teh et al. (2008; 2010)’s study, the post-peak reduction in spudcan resistance is 
postulated to be partly attributed to the lower average mobilised shear strength in the 
sand layer as a result of the strain-softening behaviour of the sand. However, no 
measurements of the stress-strain behaviour of the sand were reported in Teh et al. 
(2008; 2010)’s study. Hence it is impossible to quantify the effects of the strain-
softening behaviour of the sand on the spudcan resistance. 
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The above discussions suggest that there are significant differences between spudcan 
penetration in sand overlying clay and in two-layer clay. The findings obtained in the 
study of spudcan penetration in sand overlying clay may therefore not be applicable to 
the case of two-layer clay. Hence additional studies on spudcan penetration in two-
layer clay are recommended.    
2.8 Experimental and numerical considerations 
2.8.1 Centrifuge modelling 
A centrifuge allows the use of small-scale models while simulating soil weights as in 
the field prototype. Spudcan penetration in clay involves soil backflow around the 
spudcan that depends on the soil weights as shown by Hossain et al. (2005), and hence 
the use of centrifuge models allows realistic reproduction of such flow mechanism. 
The use of small-scale models also shortens the drainage paths of the soil specimens 
and so shortens the time needed for the consolidation process. 
Scaling laws for centrifuge modelling have been well defined (see e.g. Schofield, 
1988). If the centrifuge acceleration is N times the earth’s gravity, the soil weight is 
magnified by N times, and hence a 1/N scale model in the centrifuge gives the same 
soil stresses as in the prototype. Hence the ratio of prototype length to model length is 
N. The consolidation of soil involves dimensionless time factor cvt/h2 (where cv is the 
coefficient of consolidation, t is the time, and h is the drainage path length). The time 
taken for a 1/N scale model (with 1/N drainage path lengths) for a certain degree of 
consolidation is hence 1/N2 times that in the prototype. Hence the ratio of prototype 
time to model time for consolidation process is N2.  
2.8.2 Preparation of two-layer clay specimens 
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Four different preparations of two-layer (stiff-over-soft) clay specimens were 
described in four different studies: 1) Brown & Meyerhof (1969)’s, 2) Almeida et al. 
(1985)’s, 3) Nakase et al. (1987)’s and 4) Hossain & Randolph (2010a)’s. Each of 
them is reviewed as follows. 
In Brown & Meyerhof (1969)’s study, two-layer clay specimens for 1g (on-laboratory-
floor) bearing capacity tests were prepared using artificial cementation. Slaked lime 
was mixed with clay at different water contents to produce clay layers of different 
strengths. After mixing, the lime-treated clay was placed into the test box and cured 
for seven days prior to testing. The strengths of the resulting clay layers ranged from 
20 to 100 kPa. The lime-treated clay was noted to be “brittle” as it showed strain-
softening behaviour in both unconfined compression and unconsolidated undrained 
triaxial compression tests. This preparation method hence allows modelling of a crust 
layer with a reasonably high strength. However, inconsistency during mixing and 
curing processes may result in significant strength variability in different specimens. 
In Almeida et al. (1985)’s study, two-layer clay specimens for centrifuge model tests 
of embankment stability were prepared using two types of clay: Gault clay for the 
crust layer and kaolin clay for the lower clay layer. Several consolidation steps were 
carried out. In the first step, a two-layer clay specimen was one-dimensionally 
consolidated together to a vertical stress of 54 kPa. In the second step, the specimen 
was partially consolidated by applying a pressure of 150 kPa while permitting 
drainage at the top surface only. In the last step, the specimen was unloaded and 
transferred to the centrifuge, and then consolidated under its own weight at 100g. The 
less-permeable Gault clay was used for the crust layer because the highly-permeable 
kaolin clay was found to soften at the surface readily following unloading (Almeida & 
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Parry, 1984). The resulting two-layer specimen had a maximum strength of 15 kPa 
within the crust layer, followed by a gradual reduction with depth to about 10 kPa in 
the lower layer. Hence the strength of the crust layer attained by this method may be 
significantly lower than in the previous method. The difference of the strengths 
between the two layers produced by this method also tends to be small. 
In Nakase et al. (1987)’s study, two-layer clay specimens for centrifuge model tests of 
bearing capacity were prepared by several consolidation steps followed by inverting 
the test box. The clay used for the specimens was a mixture of Kawasaki clay and 
crushed Toyoura sand. The consolidation steps were done at 1g. In the first step, a 
layer of clay was consolidated to a high vertical stress (up to 200 kPa) to produce the 
crust layer at the bottom of the test box. In the second step, an additional layer of clay 
slurry was poured on top of the crust layer, and a consolidation pressure lower than 
that in the first stage was applied on the two layers of clay. The test box was then 
covered on the top and turned upside down, giving a specimen of crust layer overlying 
soft clay layer. Finally, the two-layer specimen was transferred to the centrifuge and 
consolidated under its own weight at 100g. The resulting specimen had an estimated 
strength between 15 and 36 kPa in the crust layer, and a softer normally-consolidated 
lower layer. Hence this preparation method may produce a crust layer that is stronger 
than Almeida et al. (1985)’s method, but still significantly softer than Brown & 
Meyerhof (1969)’s method.  
In Hossain & Randolph (2010a)’s study, two-layer clay specimens for centrifuge 
model tests of spudcan penetration were prepared by the following procedures. In one 
container, kaolin clay slurry was consolidated by a pressure up to 100 kPa to produce 
soft clay. In another container, kaolin clay slurry was consolidated by a pressure up to 
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500 kPa to produce stiff clay. A layer of soft clay was then cut from the first container 
and placed in a test box measuring 258 (length) × 163 (width) × 160 (depth) mm3. 
Subsequently, a layer of stiff clay was cut from the second container and placed on top 
of the soft clay layer in the test box. The two-layer specimen was then spun in a drum 
centrifuge at 100g, and spudcan penetration was performed immediately without 
allowing self-weight consolidation. The maximum strengths in the crust layer were as 
high as 47 kPa, whereas the strengths in the lower layer were mostly less than 20 kPa. 
However, softening of the crust near the surface was noted due to absorption of water 
(from the water layer above the specimen). Hence, compared with Almeida et al. 
(1985)’s and Nakase et al. (1987)’s preparation methods, this method may produce a 
stronger crust layer. However, this method may be less suitable for a large-sized test 
box usually employed in a beam centrifuge owing to difficulties in cutting and 
transferring a large-sized clay layer. Moreover, the process of cutting and transferring 
the clay layer may significantly disturb the stress history of the layer, which would 
adversely affect the strength of the layer.          
2.8.3 Soil deformation measurement using particle image velocimetry (PIV) 
The application of particle image velocimetry (PIV) to measure deformation in 
geotechnical testing has been developed by White et al. (2003). PIV measures the 
displacements between a pair of digital images, usually two consecutive images, using 
image processing described briefly as follows. An image at time t1 is divided into a 
grid of test patches. Each test patch is characterised by a matrix containing the 
intensity (or brightness) at each pixel within the patch. For each test patch, the cross-
correlations of the patch with a series of trial patches in the subsequent image at time 
t2 are calculated. The highest cross-correlation corresponds to the trial patch with the 
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highest ‘degree of match’ with the test patch. The difference between the positions of 
the test patch and the ‘matching’ trial patch hence gives the displacement of the test 
patch between t1 and t2. The cross-correlation operation is repeated for all the test 
patches to give a displacement field over the entire image. The image processing of 
PIV is implemented in GeoPIV (White & Take, 2002).  
In order for the above cross-correlation to operate properly, the images need to contain 
texture or variation of intensity across pixels. This allows each of the test patches and 
the trial patches to have a unique intensity matrix, and hence non-trivial matching of 
the patches. For a plane of clay, texture could be added by sprinkling coloured flock 
material or dyed sand (White et al., 2003).  
2.8.4 ALE versus Eulerian finite element methods 
Spudcan penetration involves very large deformation of soil which may cause 
excessive mesh distortion when conventional Lagrangian finite element method is 
used. Two alternative methods, namely arbitrary Lagrangian-Eulerian (ALE) and 
Eulerian finite element methods, have been applied for spudcan penetration in two-
layer clay (Hossain & Randolph, 2010b; Tho et al., 2009). The following briefly 
describes each of these methods. 
In ALE method, Lagrangian steps are performed with periodic mesh generation or 
remeshing in which the nodes are uncoupled from the material points in an Eulerian 
way. The periodic remeshing serves to reduce the element distortion or ‘smoothen’ the 
mesh during a large deformation analysis. Each remeshing step is accompanied by 
remapping of stress variables from the ‘old’ mesh to the ‘new’ mesh. For problems 
involving very large deformation, a sophisticated remeshing method may be required 
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in order to circumvent the excessive mesh distortion successfully. Such method 
typically requires the intervention of the user. An example is a h-refinement method 
developed by Hu & Randolph (1998b), which allows selective subdivision of element 
sizes with complete mesh regeneration. This method requires the user to specify a 
number of parameters such as the minimum element size, the displacement increment 
size and the remeshing interval, whose values could only be obtained by performing 
numerical experiments. Hence significant user experience may be required in order to 
apply ALE remeshing method successfully for problems involving very large 
deformation. 
In Eulerian method, on the other hand, the mesh is always fixed in space while the 
material is allowed to flow through the elements within the mesh. As Eulerian mesh is 
undeformed regardless of material deformation, the problem of excessive mesh 
distortion does not occur at all. The fixed mesh also obviates the need for potentially 
sophisticated remeshing method with user intervention as in ALE method. As such, 
Eulerian method is suited for problems involving very large deformation. The 
structural body such as a spudcan could be modelled as a Lagrangian body in a 
‘Coupled Eulerian-Lagrangian’ analysis to allow more accurate modelling of contact 
between the soil and the structure. However, unlike ALE mesh, the material boundary 
(or material interface) is not coincident with the element boundary in Eulerian mesh, 
which may result in less precise definition of the material boundary. Eulerian mesh 
may also lack resolution in the most highly deforming regions of the soil owing to the 
lack of adaptive remeshing during a large deformation analysis. To overcome these 
inaccuracies, Eulerian mesh may require sufficiently fine meshing with potentially 
greater number of elements than the corresponding ALE mesh. While this may mean 
greater computational time for the Eulerian mesh, the ever-increasing computing 
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power may render this a less significant problem.    
2.9 Concluding remarks 
Existing experimental studies on spudcan or footing penetration in two-layer clay are 
relatively few. Hossain & Randolph (2010a) reported the measured spudcan load-
penetration responses for various H/B and cu2/cu1 values. All of the responses show 
potential for punch-through characterised by a post-peak reduction in spudcan load 
with penetration. On the other hand, a numerical study by Wang & Carter (2002) on 
strip-footing penetration in weightless two-layer clay has shown that the load-
penetration response changes from one that exhibits post-peak reduction in load with 
penetration to one that exhibits monotonic increase in load with penetration when H/B 
decreases below a certain value. However, no experimental evidence is available on 
whether such change in load-penetration behaviour occurs for spudcan penetration in 
two-layer clay with self-weight, which may be important for punch-through 
considerations in practice. In addition, the effects of H/B on the soil failure 
mechanisms during the spudcan penetration have not been reported, which would 
otherwise be useful in explaining the above change in the load-penetration behaviour. 
In view of this, experimental work will be conducted in the present study in order to 
reveal the change in the load-penetration behaviour with H/B and the associated soil 
failure mechanisms.  
Numerical studies on footing penetration in two-layer clay were reported by Wang & 
Carter (2002) and Hossain & Randolph (2010b). In these studies, the soil was 
modelled as elastic-perfectly plastic Tresca material. On the other hand, clay crusts in 
practice have been shown to potentially exhibit strain-softening material behaviour in 
triaxial tests. However, the effects of such strain-softening material behaviour on the 
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footing load-penetration response in two-layer clay have yet to be investigated. In the 
present study, numerical analysis of spudcan penetration in two-layer clay will be 
conducted, taking into account the above strain-softening material behaviour. 
Design solutions for spudcan load-penetration response in two-layer clay were given 
by SNAME (2002) and Hossain & Randolph (2009a). SNAME (2002)’s solutions are 
based on the assumption of wished-in-place spudcan with progressive removal of the 
crust beneath the spudcan during the penetration, which is clearly different from the 
experimental observations. As a result, these solutions tend to underestimate the 
spudcan resistance during the penetration and overestimate the potential for punch-
through. Hossain & Randolph (2009a)’s solutions are based on more rigorous 
numerical analysis of spudcan penetration in two-layer clay. However, Hossain & 
Randolph (2009a)’s solutions have been shown to give potentially erroneous solutions 
for lower values of H/B, as well as inaccurate predictions of initiation of soil backflow 
for cases with uniform-strength lower-layer clay. In view of this, a design method for 
estimating spudcan load-penetration response in two-layer clay will be proposed in the 
present study.  
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Table 2.1. Hossain & Randolph (2009b)’s bearing capacity factor Nc0 for smooth-

























Figure 2.1. Map of Sunda Shelf and selected major oil and gas exploration fields in 
Southeast Asia (after Leung, 2005) 
 
Ferrous stains and pockets
Organic stains and pockets
 
Figure 2.2. Photograph of typical crust sample (after Paisley & Chan, 2006) 
 




































Figure 2.3. Stress-strain curves of clay samples, from (a) unconfined compression tests 
and (b) UU tests, used in Brown & Meyerhof (1969)’s bearing capacity tests  
 
 
Figure 2.4. Denotations referred to in present study (B = spudcan diameter; H = upper 
clay layer thickness; D = spudcan penetration depth measured from level of maximum 
bearing area; cu1, cu2 = undrained strength of upper and lower clay respectively; γ1′, γ2′ 
= submerged unit weight of upper and lower clay respectively) 




(a) D/B = 0.07 (b) D/B = 0.19 (c) D/B = 0.52 
  
 
(d) D/B = 0.75 (e) D/B = 1  
Figure 2.5. Soil failure mechanisms during spudcan penetration for H/B = 0.75 and 










(a) D/B = 0.75 (b) D/B = 1 
Figure 2.6. Soil failure mechanisms during spudcan penetration for H/B = 0.75 and 
cu2/cu1 = 0.64 (after Hossain & Randolph, 2010a) (axes in mm, model scale) 
 
0 1 2 3 4 5 6 7




















H/B = 0, 0.25, 0.5, 1, 2
     
0 2 4 6 8 10 12





























(a) Effects of H/B (b) Effects of cu2/cu1 
Figure 2.7. Effects of H/B and cu2/cu1 on load-penetration response in weightless two-
layer clay (after Wang & Carter, 2002) (Note: B here refers to either footing width or 
diameter) 



















(a)  (b) 
Figure 2.8. Soil geometry during spudcan penetration assumed in SNAME (2002)’s 
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B = 6 m
H/B = 0.75
cu1 = 38.3 kPa
cu2 = 11 kPa
γ1′ = 8.0 kPa
















B = 6 m
H/B = 1.25
cu1 = 47.3 kPa
cu2 = 14.7 kPa
γ1′ = 8.1 kPa
γ2′ = 7.8 kPa
 
Figure 2.9. Comparison between experimental data of Hossain & Randolph (2010a) 
and SNAME (2002)’s predictions 
 
 
Figure 2.10. Definitions of critical stages during spudcan penetration in Hossain & 










Figure 2.11. Assumed failure mechanism during spudcan penetration between ‘Stage 









0.6 0.8 1 1.2 1.4
(cu1/(γ2′B))(H/B)
Experimental data (Hossain & Randolph, 2010a)
Prediction by Equation 2.19
 
Figure 2.12. Comparison of depth of initiation of soil backflow between experimental 























Figure 2.13. Soil failure mechanisms during spudcan penetration in sand overlying 
clay at six different penetration depths corresponding to (a) full spigot penetration, (b) 
peak spudcan resistance, (c) post-peak reduced spudcan resistance, (d) second (smaller) 
peak spudcan resistance, (e) penetration into clay layer, and (f) final recorded 
penetration (axes in mm, model scale) (after Teh et al., 2008)  
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Chapter 3 Experimental Setups and Procedures  
3.1 Introduction 
As reviewed in Section 2.4, Hossain & Randolph (2010) reported the findings of a 
centrifuge model study on spudcan penetration in two-layer clay for strength ratios 
cu2/cu1 ranging from 0.28 to 0.75 and normalised upper-layer thicknesses H/B ranging 
from 0.25 to 2.5 (refer to Figure 2.4 for definition of symbols). All of the reported 
load-penetration curves exhibit potential for punch-through characterised by a post-
peak reduction in spudcan load with penetration. On the other hand, a numerical study 
by Wang & Carter (2002) on strip-footing penetration in weightless two-layer clay had 
shown that the load-penetration response may change from one that exhibits post-peak 
reduction in load with penetration to one that exhibits monotonic increase in load with 
penetration when H/B decreases below a certain value. However, no experimental 
evidence is available on whether such change in load-penetration behaviour occurs for 
spudcan penetration in two-layer clay with self-weight, which may be important for 
punch-through considerations in practice.  
In the present study, experiments of spudcan penetration in two-layer clay were 
conducted to investigate the mechanisms associated with the change in the load-
penetration behaviour with H/B. The tests were carried out in the beam centrifuge of 
the National University of Singapore (NUS). Details of this facility is reported by Lee 
et al. (1991). The experimental setups and procedures as well as soil specimen 
properties are described in detail in this Chapter. The findings from these tests will be 
presented in Chapter 4. 
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3.2 Centrifuge model setups 
The centrifuge models were subjected to a centripetal acceleration of 100 times the 
Earth’s gravitational acceleration (100g). The setups for full-spudcan and half-spudcan 
tests are described as follows. 
“Full-spudcan”, as the term suggests, refers to a scaled model of the entire spudcan. 
The full-spudcan test setup is designed to enable in-flight measurement of the spudcan 
load-penetration response. Figure 3.1(a) shows a schematic drawing of the setup. The 
spudcan model used is a simple conical structure made of aluminium having a cross-
section as shown in Figure 3.1(b). The spudcan geometry follows the model used in a 
similar study of spudcan penetration in sand overlying clay by Teh et al. (2010). The 
spudcan diameter is 100 mm, representing 10 m in prototype scale. The spudcan 
surface has been sanded with a coarse sandpaper to make it rough. The two-layer clay 
specimen is contained in a circular stainless-steel strongbox with a diameter of 500 
mm. The total thickness of the two-layer specimen in a typical test is approximately 
300 mm. A thin layer of sand is placed underneath the clay specimen to facilitate free 
drainage at the bottom of the specimen. The water table is at all time maintained above 
the soil surface to simulate the submerged condition in the field.  
A steel loading frame is mounted above the strongbox to support heavy equipments for 
the actuation of spudcan and T-bar penetrometer. The spudcan vertical movement is 
driven by a hydraulic actuator controlled by a servo-mechanism using feedback signals 
from a potentiometer. The potentiometer tracks the movement of the actuator piston 
and hence gives measurements of the vertical spudcan displacements. The precision 
errors of the potentiometer are measured to be approximately 0.03 mm in model scale 
or 3 mm in prototype scale. A load cell connected at the top end of the spudcan rod 
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measures the vertical load on the spudcan during penetration tests. A T-bar 
penetrometer (Stewart & Randolph, 1991) is used to measure the specimen strength 
versus depth profile and is actuated by a separate but similar mechanism as that used 
for spudcan penetration. The T-bar measures 5 mm in diameter and 20 mm in length, 
connected at the mid span to a 4.5-mm diameter vertical rod. A short-travel 
potentiometer is installed above the soil surface with its leg resting on the surface in 
order to track the surface level during centrifuge operation. In tests involving soil 
consolidation in-flight, a pore pressure transducer is installed at approximately mid-
depth of the soil specimen to measure changes in pore water pressure. Figure 3.2 and 
Figure 3.3(a) show photographs of the full-spudcan test setup and the full-spudcan 
model respectively.    
A “half-spudcan” refers to one half of a full spudcan, as shown in Figure 3.3(b). The 
half-spudcan model has a flat face representing a plane of symmetry of a spudcan. The 
half-spudcan test setup is mainly employed for image capturing of soil deformation 
during spudcan penetration. A transparent acrylic window is placed on one side of the 
strongbox, allowing the soil plane to be photographed by a digital camera situated in 
front of the window. Figures 3.4 and 3.5 show schematic drawings and photographs of 
the setup, respectively. The spudcan flat face is in tight contact with the acrylic 
window with a thin piece of rubber sandwiched in between them, which acts as a 
cushion as well as a seal against soil ingress in between the spudcan face and the 
window. To reduce friction between the inner surface of the window and the soil 
specimen, a thin layer of grease is applied on the surface prior to placing the specimen 
into the strongbox. It may be seen that the inner surface of the window effectively acts 
as a plane of symmetry of the problem studied. The soil plane is given texture using 
coloured flock material (Figure 3.5(b)) to allow tracking of soil particle movement by 
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particle image velocimetry (PIV) analysis. The half-spudcan test setup employs a 
similar actuation mechanism for spudcan penetration as that used in the full-spudcan 
setup. The half-spudcan model follows the same dimensions as the full-spudcan model.  
3.3 Specimen preparation 
For the present two-layer clay specimens, kaolin clay was used as the lower soft clay 
layer while cement-treated marine clay was used as the upper crust layer. The addition 
of cement was to give the crust layer a high cohesive strength that would otherwise be 
difficult to achieve with standard preloading steps.  
The kaolin clay layer was prepared in the following way. Kaolin powder (particle size 
= 3.0 to 5.5 µm) was mixed with water at 120% water content under vacuum to create 
homogeneous clay slurry. After allowing some time for the slurry to consolidate under 
its own weight in the strongbox, a small overburden pressure of 20 kPa was applied on 
the clay surface to produce a lightly consolidated soft clay layer. The overburden 
pressure was then removed to allow addition of the upper clay layer.  
The cement-treated clay layer was prepared in the following way. Marine clay 
sampled from an offshore site (liquid limit = 70; plasticity index = 35) was 
reconstituted by mixing with water at 110% water content. Ordinary Portland cement 
amounting to 12% of the dry mass of the clay was mixed with water to produce 
cement slurry at 110% water content. The cement slurry was subsequently mixed with 
the reconstituted clay using a Hobart mixer for a standardised period of 10 minutes. 
This mixing period was selected following recommendations by the Japanese 
Geotechnical Society (JGS, 2000) for laboratory preparations of cement-mixed soil. 
The resulting cement-treated clay was then immediately placed above the kaolin clay 
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layer in the strongbox and pressed gently to achieve a level surface.  
For preparation of a specimen with uniform strength in the lower kaolin clay layer, a 
small overburden pressure of 20 kPa was applied on the surface of the two-layer 
specimen immediately after the placement of the upper cement-treated clay layer. This 
was done to ensure a tight interface between the lower and the upper layers. The load 
was maintained for six days, after which it was raised to 80 kPa and held for 18 to 20 
hours to further consolidate the lower layer and increase its strength to a target value 
of about 20 kPa. Following this, the load was released and the specimen was 
immediately lifted onboard the centrifuge. The specimen was spun in the centrifuge 
for several minutes, after which a spudcan penetration test was immediately conducted 
so that minimal in-flight consolidation was permitted in the lower layer. The total 
elapsed time from the preparation of the cement-treated clay layer to the start of the 
spudcan penetration test was exactly seven days, which was also the total time given 
for curing of the cement-treated clay. 
For preparation of a specimen with linearly-increasing strength in the lower layer, an 
overburden pressure of 20 kPa was likewise applied on the surface of the two-layer 
specimen immediately after the placement of the upper cement-treated clay layer. The 
load was maintained for six days, after which it was released and the specimen was 
lifted onboard the centrifuge. The specimen was then spun for 12 to 15 hours to allow 
specimen consolidation under in-flight self-weight. This period was sufficient to attain 
at least 95% degree of consolidation in the lower layer based on the pore pressure 
measurements within the layer. At the end of this period, a spudcan penetration test 
was conducted. The total elapsed time from the preparation of the cement-treated clay 
layer to the start of the spudcan penetration test was also exactly seven days, and 
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hence giving the same curing period for both types of specimens.   
3.4 Test procedures 
All centrifuge tests were done at an acceleration of 100g. During the centrifuge 
operation, a T-bar penetration test was conducted on the specimen in-flight just prior 
to spudcan penetration to obtain the strength versus depth profile of the specimen. The 
T-bar (diameter = 5 mm) was penetrated at a rate of 3 mm/s, giving a non-dimensional 
velocity vd/cv (Finnie & Randolph, 1994) equal to 19 or larger, where v is the velocity 
or penetration rate, d is the diameter of the penetrating object and cv is the coefficient 
of consolidation. This value is deemed to give undrained condition according to House 
et al. (2001). The spudcan penetration test was then conducted at a penetration rate of 
1 mm/s. This rate corresponds to vd/cv above 100, which is greater than the minimum 
limit of 30 for undrained soil response for circular-footing penetration according to 
Finnie & Randolph (1994). Hence the spudcan penetration is also deemed undrained. 
The load acting on the spudcan and the respective spudcan depths during the course of 
the penetration were recorded.  
In a half-spudcan test, digital images of soil plane as seen from a front-mounted 
camera were captured in-flight at 1 frame/s. Particle image velocimetry (PIV) was 
applied to measure displacements of soil ‘particles’ between two sequential images 
following the method developed by White et al. (2003). The precision errors of the soil 
displacement measurements by PIV are estimated to be less than 20% of pixel length 
based on White et al.’s (2003) data. This corresponds to errors less than approximately 
0.06 mm in model scale or 6 mm in prototype scale. The PIV analysis was done using 
GeoPIV (White & Take, 2002). 
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Table 3.1 lists the centrifuge tests conducted in this study. The range of normalised 
upper-layer thicknesses H/B for two-layer specimens is from 0.14 to 1.04. This 
corresponds to the range typically encountered in practice in the Sunda Shelf region, 
which is approximately between 0.1 and 1 (see Section 2.2). The tests are divided into 
two series, namely ‘Series 1’ and ‘Series 2’ tests, which corresponds to uniform and 
linearly-increasing strength versus depth profiles in the lower clay layer, respectively. 
3.5 Properties of clay specimens 
3.5.1 Basic properties 
Atterberg limit tests and oedometer tests were carried out to obtain the basic properties 
of the two clay materials. For the kaolin clay: liquid limit (LL) = 80; plasticity index 
(PI) = 45; coefficient of permeability k = 1×10-8 m/s; coefficient of consolidation cv = 
25 m2/year. For the cement-treated clay: k = 1×10-9 m/s; cv = 10 m2/year. 
The submerged unit weights of the crust samples were measured to be between 5.8 and 
6.0 kN/m3. For the kaolin clay samples, the submerged unit weights in the centrifuge 
test specimens were estimated to vary between 5.6 and 6.1 kN/m3 based on the test 
data reported by Purwana (2006). In all subsequent analysis presented in this thesis, 
the unit weights of both the kaolin clay and the cement-treated clay are given by 6 
kN/m3 for simplicity. The errors resulting from this simplification are expected to be 
less than 5%, which is reasonably small. 
3.5.2 CIU test results for cement-treated clay samples 
Owing to limited thicknesses of the crust layers in the centrifuge test specimens 
(approximately 15 to 100 mm), the cement-treated clay samples for consolidated-
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undrained triaxial compression (CIU) tests were not collected from these specimens. 
Instead, these samples were prepared using a fresh batch of cement-treated clay 
subjected to the same mixing conditions as in the preparation of centrifuge test 
specimens described earlier. The freshly-mixed cement-treated clay was cured in a 
cylindrical PVC mould with a diameter of 50 mm and a height of 100 mm. The inner 
side of the mould was greased to reduce friction at the clay-mould interface. An 
overburden stress of 20 kPa was applied by means of dead weight on the clay surface 
during a seven-day curing period to mimic the curing stress history of the centrifuge 
test specimens. At the end of the curing period, the samples were released by splitting 
the mould open and subsequently trimmed to a standard triaxial size of 38 by 76 mm 
(diameter × height). 
Figure 3.6(a) shows the stress-strain curves for the cement-treated clay samples from 
CIU tests with effective confining pressures 3σ ′ of 25, 50 and 100 kPa. The curves for 
all samples show strain-softening (brittle) behaviour. The deviatoric stresses 1 3σ σ′ ′−  
reaches  peak values at axial strains of about 1.5% followed by steep reduction in 
stresses (by as much as 40%), after which the lowered stresses are maintained at 
approximately constant values with further axial strains.  
The post-peak strain softening was observed to be associated with rupturing of the 
sample as a slip surface was seen to appear in the sample just after the peak deviatoric 
stress is reached. Figure 3.6(b) reveals photographs of the samples showing the slip 
surfaces at an axial strain of 5%. The slip surface splits the sample into two near-rigid 
bodies that slide past each other with increasing axial strains. Following this failure 
mechanism, the shear stress on the slip surface can be estimated from the measured 
deviatoric stress using a simple force equilibrium diagram (see e.g. Webb, 1969) 
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assuming for simplicity no horizontal restraint on top and bottom ends of the sample. 
Given that the angles of the slip surface in these samples are about 55° to 60° to the 
horizontal, the shear stress on the slip surface is approximately 45% of the 
corresponding deviatoric stress. From Figure 3.6(a), the shear stress on the slip surface 
reaches an approximately constant value at axial strains greater than 3% or so. Such 
shear stress is referred to as a post-rupture strength, following the term used by 
Burland (1990). One may consider this strength as a residual strength; but as Burland 
(1990) noted, the residual strength occurs usually after large slip displacements that 
are beyond the range measured in standard triaxial tests, and hence the term “post-
rupture strength” is used herein. 
As seen in Figure 3.6(a), the peak deviatoric stresses range from 160 to 185 kPa for 
effective confining pressures of 25 to 100 kPa. The peak stress varies little in this 
range of confining pressures conceivably owing to the high degree of cementation in 
the material. For the centrifuge test specimens, the in-situ effective vertical stress in 
the cement-treated clay layer ranges from 0 to 80 kPa, and hence the most 
representative confining pressures are 25 and 50 kPa. For these confining pressures, 
the peak strengths, given by 50% of the peak deviatoric stresses, range from 80 to 88 
kPa with an average strength of 84 kPa. 
In comparison to the peak stresses, the post-rupture deviatoric stresses show greater 
variation with confining pressure. This may be because the cementation in the material 
around the slip surface has been partially broken down by large-strain shearing, and 
hence the frictional component of the material strength becomes more dominant. The 
post-rupture stresses also show some scatter for a given confining pressure, which 
could be partly attributable to the variation in inclination of slip surface formed in the 
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samples. For confining pressures of 25 to 50 kPa, the measured post-rupture stresses 
range from 104 to 127 kPa. Taking into account the angles of the slip surface as 
discussed earlier, the post-rupture strengths are given by approximately 45% of the 
post-rupture deviatoric stresses, and hence are estimated to be between 47 to 57 kPa 
with an average strength of approximately 52 kPa. 
It is notable that natural stiff or overconsolidated clays may also show similar strain-
softening behaviour with the associated slip surface formation (see e.g. Burland, 1990). 
Clay crusts in the Sunda Shelf region may also exhibit strain-softening behaviour as 
reported by several practitioners (Brennan et al., 2006; Chan, 2009) (see Section 2.2).  
3.5.3  CIU test results for kaolin clay samples  
The kaolin clay samples for CIU tests were taken from the centrifuge test specimens 
after the completion of spudcan penetration tests at locations outside the penetrated 
area by means of a small, hand-held sampling tube. The samples were then extruded 
out of the tube and trimmed to a size of 38 by 76 mm (diameter × height) to fit into a 
standard triaxial apparatus. 
Figure 3.7 shows the stress-strain curves and the stress paths for the kaolin clay 
samples from CIU tests with effective confining pressures of 25, 50 and 100 kPa. The 
deviatoric stresses generally increase with strain and do not show any appreciable 
softening up to axial strain of 20%. Unlike the cement-treated clay samples which 
rupture under shearing, the kaolin clay samples deform mostly in a bulging manner 
with no observed presence of slip surfaces. From the stress-path graph, the fitted 
critical state line has a gradient (M) of 0.97, which corresponds to friction angle φ′ of 
25°. The relationship between undrained shear strength cu and in-situ vertical effective 
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stress vσ ′ could be obtained using the following equation of Modified Cam Clay (MCC) 











, where λ κλ
−Λ = ,      (3.1) 
where OCR is overconsolidation ratio and λ, к are MCC parameters. λ and к are 0.244 
and 0.053 respectively from Goh (2003), and OCR = 1 for normally-consolidated clay, 
giving u vc σ ′  = 0.28. It is noteworthy that Equation 3.1 gives u vc σ ′  for clay 
consolidated under K0 condition; in other words, Equation 3.1 ‘converts’ the 
isotropically-consolidated MCC parameters (λ and κ) into the K0-consolidated u vc σ ′ .  
The above u vc σ ′  value compares well with an empirical relationship between u vc σ ′  
and plasticity index (PI) suggested by Skempton and Henkel (1953) for normally-
consolidated clays: 0.11 0.0037(PI)u vc σ ′ = + , which for this kaolin clay, PI = 45, 
gives u vc σ ′  = 0.28. 
It is worth noting that in the present study, measurements of the Modified Cam Clay 
parameters (λ and κ) of the kaolin clay were not carried out, and Goh (2003)’s 
corresponding data for the same type of kaolin clay were used instead. This is unlikely 
to produce significant errors because the effects of λ or κ on u vc σ ′  are relatively small. 
From Equation 3.1, a 100% change in either λ or κ would result in a maximum of only 
16% change in u vc σ ′ .  
3.5.4 In-flight T-bar penetration test results 
A calibration exercise was first performed to derive experimentally the T-bar factor 
(Stewart & Randolph, 1991) for the penetrometer used in this study. To do so, a T-bar 
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penetration test was conducted on a normally-consolidated kaolin clay specimen and 
the resulting T-bar strength measurements were calibrated using data from the CIU 
tests presented in Section 3.5.3. Figure 3.8 shows that a T-bar factor of 11.5 fits most 
closely the relationship u vc σ ′  = 0.28 derived from the CIU tests’ data. This factor is 
near the upper end of the theoretical solution which ranges from 9.14 for a smooth bar 
to 11.94 for a perfectly rough bar (Randolph & Houlsby, 1984). This could be 
attributed to the surface roughness of the T-bar in use. The factor of 11.5 is hence 
adopted in all subsequent T-bar strength interpretations in this study. 
Figure 3.9 shows the measured T-bar resistance in the specimens of ‘Series 1’ tests. 
For the two-layer specimens (H > 0), the resistance versus depth profiles show several 
common characteristics: a peak resistance when the T-bar is within the crust layer, 
followed by a drop in resistance which begins when the T-bar is nearing the lower 
layer (whilst still in the crust layer) until it penetrates 2 to 3 m (or 4 to 6 times the T-
bar diameter) into the lower layer, and finally a stable resistance with further 
penetration in the lower layer.  
The interpretation for the crust layer strength is tricky for two reasons. The first reason 
is that as the layers are generally thin, ‘layering’ effects occur whereby the T-bar 
‘senses’ the presence of a weaker lower layer whilst it is still in the crust layer, and 
hence the resistance measured is lower than what is expected in the case of uniform 
soil. Such layering effects have been described elsewhere for similar penetration tests 
using a cone or a ball penetrometer (Teh et al., 2007; Vreugdenhil et al., 1994). The 
second reason is that for stiff clay (with high cohesion) such as the crust, the 
penetrating T-bar may leave behind a cavity above, and significant depths may be 
needed before soil starts to flow around the T-bar as assumed in the theoretical 
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derivation of the T-bar factor (Randolph & Houlsby, 1984). It is unclear if such flow- 
around mechanism is attainable in the crust layers given their limited thicknesses, and 
so whether the theoretical T-bar factor is still valid here. For these reasons, the 
interpretation of the crust layer strength by T-bar measurements is not attempted, and 
CIU test results are used to obtain the crust layer strength.  
On the other hand, the interpretation for lower layer strength is straightforward as the 
measured T-bar resistance converges to stable values beyond the initial 2–3 m 
penetration in the lower layer. The initial 2–3 m penetration corresponds to a transition 
stage where the stiffening effects of the crust layer are gradually eliminated, leading 
towards a steady state where the soil flow-around mechanism is self-contained within 
the lower layer. From the T-bar measurements during this steady state, the strength of 
the lower layer (cu2) is interpreted to be between approximately 16 and 19 kPa, 
representing a scatter of 10-15%, with an average of 18 kPa. Also included in Figure 
3.9 is the measured T-bar resistance for the single-layer overconsolidated soft clay 
specimen (Test F1), which shows strength increasing from nearly zero at shallow 
penetration depths to a final constant value of approximately 16 kPa below 6 m depth 
onwards. Hence the strength of the single-layer specimen is lower by 10% or more 
than cu2 in the two-layer specimens. This is probably due to greater swelling, 
especially near the free surface, of the single-layer specimen.  
Figure 3.10 shows the T-bar measurements for the specimens of ‘Series 2’ tests. For 
the two-layer specimens (H > 0), the T-bar resistance within the crust layer shows 
similar post-peak reduction as in ‘Series 1’. Likewise, the interpretation for the crust 
layer strength is not attempted owing to the difficulties mentioned earlier, and its 
strength is determined by the CIU tests. Within the lower layer, instead of converging 
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to a constant resistance versus depth profile as in ‘Series 1’, the T-bar resistance 
converges to a linearly-increasing profile owing to the normally-consolidated state of 
the layer. The interpreted strength versus depth profiles of the lower layer are close to 
that of u vc σ ′  = 0.28 predicted from the CIU tests with deviations generally less than 
10%. Hence this u vc σ ′  ratio is used to characterise the lower layer strength in ‘Series 
2’ tests. The corresponding profile for a single-layer normally-consolidated kaolin clay 
specimen (Test F7) generally agrees well with the profiles of the two-layer specimens 
after the initial 2–3 m penetration in the lower layer. 
3.5.5 Additional test results   
Owing to the ‘artificial’ nature of the cement-treated clay used for the crust layer, 
additional tests were carried out with the purpose of estimating the strength variation 
from different batches of the cement-treated clay. Vane tests using a 12.7-mm-wide 
and 12.7-mm-long vane were conducted at 1g on the crust layer in the centrifuge test 
specimens, at the end of the 7-day curing period. In addition, bearing capacity tests 
using a 30-mm (model scale) circular footing were conducted at 100g on single-layer 
crust specimens.  
Figure 3.11 shows the vane shear strengths of the crust layer in the centrifuge test 
specimens. The strengths range from 79 to 99 kPa for all specimens tested, 
representing an overall scatter of about 20%. It is worth noting that this scatter is 
greater than the 10–15% scatter in the strength of the lower (kaolin clay) layer 
obtained from T-bar tests, implying greater strength variability in the crust layer. The 
average strength is approximately 90 kPa, which is close to the peak strengths of the 
cement-treated clay measured from the CIU tests. Within the same specimen, the 
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strength variation at different depths and horizontal positions is generally less than 
10% (as seen in specimens from Tests F3b, F6, F9-12, H6). Also shown in Figure 3.11 
are the strengths obtained from tests on triaxial test samples that were prepared in the 
same manner as described in Section 3.5.2. These strengths range from 90 to 97 kPa, 
which are within the overall scatter of the strengths of the centrifuge test specimens. 
The average of these strengths is 94 kPa, which is only 4% greater than the average 
strength of the centrifuge test specimens. Hence the triaxial test samples are deemed 
representative of the latter specimens, giving confidence in the use of the strengths 
from the CIU tests presented in Section 3.5.2.  
It is worth noting that the centrifuge spinning of ‘Series 2’ specimens for 12 to 15 
hours during the 7-day curing period does not produce significantly different strength 
of the crust layer in comparison with ‘Series 1’ specimens (which are subjected to 
much shorter centrifuge spinning). This is shown by the vane tests readings on the 
crust layer taken at the end of the 7-day curing period as presented in Figure 3.11. The 
figure shows that the strengths of the ‘Series 1’ crust specimens (Tests F2, F3a, F3b, 
F4, F6, H2, H3) were not significantly different from the strength of the ‘Series 2’ 
crust specimens (Tests F9, F10, F11, F12, H6). This could be attributed to the 
relatively short period of the centrifuge spinning in comparison with the overall 7-day 
curing period. 
Figure 3.12 shows results of in-flight bearing capacity tests using a 3-m circular 
footing on two single-layer crust specimens. The measured load-settlement response 
for the two specimens differ by not more than 8%. This is significantly smaller than 
the above 20% scatter in strengths measured by vane tests. A possible reason to this is 
that the bearing capacity tests are less ‘localised’ than the vane tests as the former tests 
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involve a larger area of strength mobilisation, resulting in some averaging of the 
‘local’ variation in strength. From the load-settlement response, the bearing capacities 
of the specimens are estimated to be between 350 and 380 kPa, which corresponds to a 
mobilised average strength of about 60 kPa, assuming a bearing capacity factor of 6.05. 
This strength expectedly lies between the peak and the post-rupture strengths of the 
cement-treated clay from the CIU tests as presented in Section 3.5.2, and is closer to 
the post-rupture strength than to the peak strength. 
3.5.6 Summary of specimen properties 
The cement-treated clay used for the crust layer shows strain-softening behaviour in 
the CIU tests. For effective confining pressures representative of the in-situ stresses 
during the centrifuge tests, the measured average peak strength of the cement-treated 
clay is 84 kPa, whereas the measured average post-rupture strength (after taking into 
account the orientation of the slip surface) is 52 kPa. The measurements from T-bar 
penetration tests in two-layer clay specimens are not used to obtain the strength of the 
crust layer here owing to ‘layering’ effects and potential lack of soil flow-around 
mechanism within the relatively-thin crust layer. Hence the above CIU test results are 
used to characterise the crust layer, as presented in Table 3.1.  
Unlike the cement-treated clay, the kaolin clay used for the lower clay layer does not 
show softening behaviour in the CIU tests. The strength of the lower clay layer could 
be interpreted readily from T-bar penetration tests after the T-bar has penetrated past 
the crust layer. The measured strength versus depth profile of the lower layer in ‘Series 
1’ specimens is approximately uniform with an average strength of 18 kPa, whereas 
the corresponding profile in ‘Series 2’ specimens is approximately linearly-increasing 
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following u vc σ ′  = 0.28, as presented in Table 3.1. 
Table 3.1. List of centrifuge tests in this study 
Test series Test  Full-/half- 
spudcan H/B Soil strength properties 
‘Series 1’: 
specimens having 
uniform cu1 and 
uniform cu2 with 
depth 
F1 Full 0 (one-layer) 
  
cu1 (peak) = 84 kPa;  
cu1 (post-rupture) = 52 kPa; 
cu2 = 18 kPa 
 
F2 Full 0.16 
F3a Full 0.30 
F3b Full 0.31 
F4 Full 0.50 
F5 Full 0.71 
F6 Full 1.00 
H1 Half 0.14 
H2 Half 0.40 
H3 Half 0.69 
H4 Half 1.04 
‘Series 2’: 
specimens having 
uniform cu1 and 
linearly-increasing 
cu2 with depth 
F7 Full 0 (one-layer) 
cu1 (peak) = 84 kPa; 
cu1 (post-rupture) = 52 kPa; 
cu2 = 0.28 vσ ′ , where vσ ′  = 
effective vertical stress 
F8 Full 0.16 
F9 Full 0.31 
F10 Full 0.50 
F11 Full 0.69 
F12 Full 1.03 
H5 Half 0.14 
H6 Half 1.04 
 
























































Figure 3.1. Schematic drawings of (a) full-spudcan test setup and (b) spudcan cross-
section (lengths in mm, model scale) 


















































Figure 3.5. Photographs of (a) half-spudcan test setup onboard centrifuge and (b) soil 
plane seen through transparent window 
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(a) Stress-strain curves  
  
 
(b) Photographs of sheared samples at axial strain of 5% 
Figure 3.6. Behaviour of cement-treated clay samples in CIU tests 
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Figure 3.7. Stress-strain curves and stress paths of kaolin clay samples in CIU tests 
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Figure 3.8. Calibration of T-bar factor in normally-consolidated single-layer kaolin 
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Figure 3.9. T-bar resistance in two-layer clay specimens for ‘Series 1’ tests (uniform 
cu2 versus depth) (depth in prototype scale) 
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Figure 3.10. T-bar resistance in two-layer clay specimens for ‘Series 2’ tests (linearly-
increasing cu2 versus depth) (depth in prototype scale) 
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Figure 3.11. Vane shear strengths for upper clay layer measured at 1g 
 






































Chapter 4 Measured Response during Spudcan Penetration in Two-
Layer Clay 
4.1 Introduction 
This Chapter presents the results of the centrifuge tests described in Chapter 3. The 
load-penetration response and the soil failure mechanisms during spudcan penetration 
in two-layer clay for various normalised upper-layer thicknesses H/B and soil strength 
versus depth profiles are presented. This Chapter also aims to reveal the change in 
load-penetration behaviour with H/B. A simple conceptual model to explain this 
change is proposed. 
4.2 Measured spudcan load-penetration response in two-layer clay 
4.2.1 Test repeatability 
To gauge the repeatability of test results for spudcan penetration in two-layer clay, two 
repeated tests, namely Tests F3a and F3b (Table 3.1), were carried out. There is a 
slight difference in the H/B values in these two tests: 0.30 versus 0.31, which is 
deemed tolerable for comparison purpose. Figure 4.1 shows the load-penetration 
response for these tests. The spudcan resistance is measured by the load cell connected 
at the top end of the spudcan rod as described in Section 3.2, and hence takes into 
account the weight of any backfilled soil above the spudcan. During the spudcan 
penetration, the initial reading of the load cell had been reset to zero such that the 
spudcan resistance started from a zero value at the first point of contact between the 
spudcan and the soil. Penetration depth D is measured from the level of spudcan 
maximum bearing area as recommended by SNAME (2002), and hence the spudcan
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 resistance starts from negative D (hence negative normalised penetration depth D/B) 
by virtue of the inclined base of the spudcan. At shallow depths (D/B < 0.4), the 
penetration resistance for Test F3a (H/B = 0.30) is slightly higher than Test F3b (H/B 
= 0.31), which is rather surprising given the smaller H/B in Test F3a. However the 
difference in the resistance is only 3%, and the total error after taking into account the 
slight difference in H/B is expected to be only about 5%. At deeper depths, better 
agreement is seen with errors less than 3%. These errors are within reasonable limits 
of tolerance and hence the tests can be deemed repeatable. 
It is worth noting that the above errors are significantly smaller than the 20% scatter in 
the strengths of the crust layer measured from the vane tests and also the 8% error in 
the bearing capacities of single-layer crust specimens as presented in Section 3.5.5. 
This could be attributable to the following reasons. Firstly, unlike the vane tests and 
the bearing capacity tests which involve only the crust (cement-treated clay) layers, the 
spudcan penetration tests measure the combined response of the crust layer and the 
lower (kaolin clay) layer. As such, the effects of the strength variation in the upper 
layer on the spudcan load-penetration response are partly negated by the smaller 
strength variation in the lower layer. Secondly, the spudcan penetration tests are less 
‘localised’ than the other two tests as the former involves a larger area of strength 
mobilisation (owing to the larger dimension of the spudcan than the shearing objects in 
the other two tests), resulting in some averaging of the ‘local’ variation in strength.    
4.2.2 ‘Series 1’ tests 
As reviewed in Section 2.4, a numerical study by Wang & Carter (2002) on strip-
footing penetration in weightless two-layer clay had shown that the load-penetration 
response may change from a ‘post-peak reduction’ profile to a ‘monotonic increase’ 
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profile in load with penetration when H/B decreases below a certain value. However, 
no experimental evidence is available on whether such change in load-penetration 
profile occurs for spudcan penetration in two-layer clay with self-weight. This change 
in profile is investigated in the present series of tests.   
Figure 4.2 shows the measured load-penetration responses for ‘Series 1’ tests (uniform 
cu2 versus depth; Table 3.1). For the two-layer specimens with normalised upper-layer 
thicknesses H/B ranging from 0.16 to 1.00, larger H/B (i.e. thicker upper layer) gives 
larger spudcan resistance at shallow penetration depths and higher tendency for post-
peak reduction in resistance with depth. When H/B is greater than approximately 0.3, 
the load-penetration curves show post-peak reduction in resistance with depth; 
whereas at smaller H/B, the load-penetration curves show monotonically-increasing 
resistance with depth. This suggests that there exists a critical H/B value, in this case 
approximately 0.3, below which the load-penetration response changes from a ‘post-
peak reduction’ profile to a ‘monotonic increase’ profile. The practical implications of 
these observations are that the potential for punch-through decreases as the upper-layer 
thickness decreases and that there is a certain upper-layer thickness below which 
punch-through becomes improbable. The critical H/B value may also be affected by 
the strength ratio between the two layers cu2/cu1 as well as the soil unit weight, which 
will be discussed further in Chapter 5. 
It is seen from Figure 4.2 that the load-penetration curves eventually converge on a 
narrow range of resistance when the penetration depths have reached about 1.5 times 
the upper-layer thicknesses (D/B ≈ 1.5×H/B). This indicates that beyond this depth, the 
effects of the upper layer on the spudcan resistance become marginal, and that the soil 
failure is confined within the lower layer. 
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It is worth noting that the peak spudcan resistance, which signifies the initiation of 
punch-through failure, occurs at D/B ranging from 6% for H/B = 0.50 (Test F4) to 1% 
for H/B = 1.00 (Test F6). The decrease of the failure initiation depth with larger H/B is 
attributable to the increasing stiffness of the load-penetration response before failure. 
This is evident from the increasing gradient (in resistance versus depth) of the load-
penetration curves in the initial stage before the peak resistance. This is not surprising 
because, in a two-layer soil system, the increase in the thickness of the upper layer 
(which is stiffer than the lower layer) has an effect of increasing the ‘combined’ 
stiffness of the system during the initial (elastic) stage of penetration.  
Also included in Figure 4.2 is the load-penetration response for a single-layer soft clay 
specimen (Test F1) whose strength versus depth profile is shown in Figure 3.9. The 
response for this case is expectedly monotonically increasing with depth and serves as 
an approximate lower limit to the two-layer response. However this limit is 
underestimated because the strength of the single-layer specimen is lower than cu2 in 
the two-layer specimens shown in Figure 3.9, as discussed in Section 3.5.4. Hence the 
difference in load-penetration response between the single-layer and the two-layer 
specimens given in Figure 4.2 is overestimated. 
4.2.3 ‘Series 2’ tests 
Figure 4.3 shows the measured load-penetration responses for ‘Series 2’ tests 
(linearly-increasing cu2 versus depth; Table 3.1), in which the lower layer is normally-
consolidated with strength versus depth profiles approximated by 2u vc σ ′  = 0.28 
(Figure 3.10). For the two-layer specimens with H/B ranging from 0.16 to 1.03, the 
load-penetration responses in this test series all show post-peak reduction in resistance 
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with depth. This is in contrast to ‘Series 1’ where the response turns from a ‘post-peak 
reduction’ profile (in resistance versus depth) to a ‘monotonic increase’ profile at H/B 
equal to approximately 0.3 (Figure 4.2). This contrast in behaviour is attributable to 
the difference in cu2/cu1 between these two series. While cu1 is approximately the same 
between these two series (from the CIU test results presented in Section 3.5.2), cu2 is 
significantly different. In ‘Series 1’, cu2 is approximately 18 kPa, whereas in this series, 
cu2 at depths near the interface between the two layers are ranging from 3 kPa for H/B 
= 0.16 to 17 kPa for H/B = 1.03. Hence cu2/cu1 values in this series tend to be lower 
than in ‘Series 1’, thereby explaining the greater occurrence of ‘post-peak reduction’ 
profile in this series than in ‘Series 1’.   
Another difference between the two test series is seen in the load-penetration response 
at larger depths. The curves in this series show a greater rate of increase in resistance 
versus depth than in ‘Series 1’. This is a consequence of the linearly-increasing cu2 in 
this series as opposed to uniform cu2 in ‘Series 1’. 
During deep penetration, the curves for the two-layer specimens are seen to remain 
higher than the curve for the single-layer specimen (Test F7). This could be attributed 
to the effects of the crust plug trapped beneath the spudcan in the two-layer specimens 
as well as the delayed initiation of soil backflow in the two-layer specimens (as 
compared to the single-layer specimen). Further discussions on the effects of the crust 
layer on the initiation of soil backflow will be given in Chapter 6.       
4.3 Comparison of peak resistance with existing solutions 
4.3.1  Comparison for ‘Series 1’ tests.  
Semi-empirical and numerical solutions exist for bearing capacity of a circular footing 
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on two-layer clay with constant strength in each layer (Brown & Meyerhof, 1969; 
Edwards & Potts, 2004; Merifield & Nguyen, 2006; SNAME, 2002), as discussed in 
Section 2.3. SNAME (2002)’s solution is based on Brown & Meyerhof (1969)’s, and 
the two are practically the same. The peak values from the spudcan load-penetration 
curves in Figure 4.2 are taken as the points of failure for comparison with the above 
bearing capacity solutions. This comparison may be reasonable given that these peak 
values occur at shallow penetration depths (D/B less than 6%), which is agreeable with 
the small-displacement assumption of the bearing capacity solutions.    
As shown in Section 3.5.6, the crust layer in this experimental study exhibits strain-
softening material behaviour in the CIU tests, with a peak strength of 84 kPa and a 
post-rupture strength of 52 kPa. The average strength mobilised in the upper layer 
during spudcan penetration is expected to lie between these two strength values. For 
comparison with the above existing solutions, two limiting conditions are assumed: 1) 
the mobilised average strength in the upper layer is equal to its peak strength, i.e. cu1 = 
84 kPa, and 2) the mobilised average strength in the upper layer is equal to its post-
rupture strength, i.e. cu1 = 52 kPa. The lower clay layer, on the other hand, does not 
show strain-softening behaviour in the CIU tests and is characterised by a single 
strength value: cu2 = 18 kPa. The comparisons between the measured peak resistance 
with the above existing solutions assuming 1) cu1 = 84 kPa and 2) cu1 = 52 kPa are 
shown in Figures 4.4(a) and (b), respectively. In these figures, qf is a generic term for 
either the spudcan peak resistance in two-layer clay or the bearing capacity of a 
circular footing on two-layer clay. qf is normalised by cu1, instead of cu2, for 
consistency with other figures presented in this thesis. This choice of normalisation 
inevitably results in different normalised values of the experimental data points 
between Figures 4.4(a) and 4.4(b). However, this should not be a significant 
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disadvantage as it is considered to be more important to compare the experimental data 
with the existing solutions in each figure, rather than to compare the data between 
Figures 4.4(a) and 4.4(b). 
The comparisons show that the experimental results are in good agreement with 
Brown & Meyerhof (1969)’s solution if cu1 = 84 kPa is assumed (Figure 4.4(a)), but 
are underestimated by the same solution by about 20% if cu1 = 52 kPa is assumed 
instead (Figure 4.4(b)). This could be explained considering the method used in the 
derivation of the latter solution. As discussed in Section 2.3, Brown & Meyerhof 
(1969)’s solution was obtained from curve-fitting of experimental results from tests on 
two-layer clay with strain-softening material behaviours, in which the clay was 
characterised by the peak strength. Hence the use of peak strength (rather than post-
rupture strength) to characterise the crust layer in this study is consistent with Brown 
& Meyerhof (1969)’s approach. 
On the other hand, the comparisons between the experimental results and the 
numerical solutions of Edwards & Potts (2004), Merifield & Nguyen (2006) and 
Hossain & Randolph (2009a) show a reverse trend: the assumption of cu1 = 52 kPa 
gives reasonably good agreement (errors less than 10%) whereas that of cu1 = 84 kPa 
gives errors by as much as 50%. This could be explained considering the assumption 
of perfectly-plastic material behaviour in these numerical solutions, which implies that 
the mobilised average strength in these solutions is just equal to the input strength 
given. For the crust layer in this study, the mobilised average strength during shallow 
spudcan penetration is estimated to be about 60 kPa, if the results of the bearing 
capacity tests on single-layer specimens of the same material reported in Section 3.5.5 
could be used as a rough indication. Hence the assumption of cu1 = 52 kPa may give a 
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closer estimate of the mobilised average strength of the crust layer, which may explain 
the above good agreement for this assumption.  
It is worth noting that the solutions of Edwards & Potts (2004) and Merifield & 
Nguyen (2006) are remarkably close (Figure 4.4(a) & (b)). Hossain & Randolph 
(2009a)’s solution is also generally consistent with these two solutions except at low 
H/B values where it peculiarly drops to zero and so is rather erroneous therein.  
4.3.2  Comparison for ‘Series 2’ tests.  
In contrast to ‘Series 1’, cu2 here increases linearly with depth. The only existing 
solution for two-layer clay with linearly-increasing cu2 is that of Hossain & Randolph 
(2009a), which gives the peak resistance for penetration of spudcan in such layered 
clay. For the case of single-layer clay of linearly-increasing strength however, 
theoretical bearing capacity solutions are available (see e.g. Houlsby & Wroth, 1984; 
Houlsby & Martin, 2003). It is proposed herein that these solutions could be used to 
modify Brown & Meyerhof (1969)’s equation (originally for two-layer clay of uniform 
strength in each layer) to take into account the increasing-strength profile of the lower 
layer. For convenience, the Brown & Meyerhof (1969)’s equation given in Section 2.3 
is restated as follows.  
1 2 13.0 6.05 6.05f u u u
Hq c c c
B
= + ≤ ,       (4.1) 
in which the second term refers to the bearing capacity of the lower layer and the 
coefficient 6.05 refers to the theoretical bearing capacity factor of a circular footing in 
uniform-strength clay. For clay of linearly-increasing strength, this coefficient could 
be replaced with the relevant theoretical values, giving the following modified 




1 2 2,0 13.0 6.05f u c u u
Hq c N c c
B
= + ≤ ,       (4.2) 
where Nc2 refers to the bearing capacity factor of a circular footing in clay of linearly-
increasing strength following Houlsby & Martin (2003)’s theoretical values, and cu2,0 
refers to the strength at the uppermost level within the lower-layer clay. This equation 
is referred to herein as ‘Equation 1’.  
Alternatively, approximate solutions based on the original Brown & Meyerhof 
(1969)’s equation could be obtained using the method of averaging of strength over 
certain depths within the lower layer. For the case of single-layer clay of linearly-
increasing strength, SNAME (2002) and Young et al. (1984) recommended an average 
strength over the depth equal to half of the spudcan diameter (B/2) from the spudcan 
level, whereas Gemenhardt & Focht (1970) recommended an average strength over the 
depth equal to spudcan diameter (B). For two-layer clay, similar strength averaging 
method may be attempted by substituting an average strength for the variable cu2 in 
Brown & Meyerhof (1969)’s equation (Equation 4.2). Adopting the above 
recommendations, the average strength is taken over the depth of either B/2 or B from 
the uppermost level within the lower layer. The equation with averaging over the 
depth of B/2 is referred to herein as ‘Equation 2’, and that with the depth of B is 
referred to as ‘Equation 3’. 
Again the measured peak spudcan resistance in this series is compared with the above 
proposed equations as well as Hossain & Randolph (2009a)’s solution. Figure 4.5(a) 
shows the comparison assuming cu1 = 84 kPa (peak strength). The three proposed 
equations are in reasonably good agreement with the experimental results with errors 
Chapter 4 Measured Response during Spudcan Penetration in Two-Layer Clay 
 
80
less than 15%, thereby suggesting some validity of these equations. Hossain & 
Randolph (2009a)’s solution, however, overestimates the experimental results by as 
much as 100%. This could be partly explained by the assumption of perfectly-plastic 
material behaviour in the solution which, for cu1 = 84 kPa, results in an over-prediction 
of the mobilised average strength in the upper layer as compared to the experimental 
case (with strain-softening material behaviour). Assuming cu1 = 52 kPa instead, the 
comparison between Hossain & Randolph (2009a)’s solution and the experimental 
results is shown in Figure 4.5(b). The agreement is improved slightly but is still rather 
poor with the solution overestimating the experimental results by as much as 70%. 
It is worth noting that ‘Equation 2’ gives good agreement with ‘Equation 1’ (Figure 
4.5(a)), which indicates that the strength averaging over the depth of B/2 gives good 
approximations of the theoretical bearing capacities for clay of linearly-increasing 
strength. As observed in the previous test series, Hossain & Randolph (2009a)’s 
solution is rather erroneous at low H/B values as it prematurely drops to zero where 
H/B is between 0 and 0.2.  
4.4 Observed soil failure mechanisms during spudcan penetration in two-layer clay 
In attempts to understand the physical mechanisms responsible for the development of 
the above spudcan load-penetration response, the analysis of soil deformation from 
captured images during spudcan penetration is presented herein. 
4.4.1 Evolution of failure mechanisms during penetration 
Figure 4.6 shows photographs of the deformed soil during spudcan penetration for 
Test H2 (H/B = 0.4; Table 3.1). The main features of deformation seen from the 
photographs are punching failure in the crust layer leading to breaking away of a crust 
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plug trapped beneath the spudcan. The plug subsequently gets carried down as a rigid 
body into the soft clay. These features are also observed in Hossain & Randolph 
(2010a)’s study for a similar cu2/cu1 value. The penetrating spudcan leaves behind a 
cavity above the spudcan which remains largely open until normalised penetration 
depth D/B = 80%. 
Figure 4.7 shows the corresponding vector plots of soil incremental displacements 
obtained through PIV analysis. The incremental displacement refers to the 
displacement taken place during the image-capturing interval of 1 s, which 
corresponds to a spudcan displacement of 0.01B in this study. At D/B = 0 (Figure 
4.7(a)), the soil starts to displace downwards as the inclined base of the spudcan starts 
to penetrate the crust layer. At D/B = 5% (Figure 4.7(b)), punching failure in the crust 
layer is seen with the formation of a vertical slip surface originating from the spudcan 
circumference (line A). This depth approximately corresponds to the peak spudcan 
resistance as seen from the load-penetration response given in Figure 4.2. The 
observed punching failure in the crust layer is consistent with the mechanism assumed 
in Brown & Meyerhof (1969)’s equation. Within the soft clay, vertical compression is 
seen below the spudcan centre, and the soil gradually turns horizontal with increasing 
radial distance (arrow B). There is a lack of upward bulging on the right side (or left 
by symmetry) of the spudcan, which could be attributable to the restraining effects of 
the crust layer. Also there is no clear slip surface that is usually associated with 
general shear failure (see e.g. Vesic, 1975). The observed failure pattern is somewhat 
comparable to local shear failure. At D/B = 10% and 20% (Figures 4.7(c) & (d)), the 
slip surface in the crust layer gets shorter (compare lines C and E) as the spudcan 
progressively punches through the layer. The zone directly below the spudcan 
(contained within lines C and E) displaces equally as the spudcan and represents a 
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crust plug that progressively separates from the remaining upper layer. This 
progressive separation implies decreasing shear resistance in the upper layer and could 
explain the post-peak reduction in spudcan resistance presented in Figure 4.2. The 
shape of the crust plug evolves from a cylindrical body with a vertical side (line C) to 
a truncated cone with an inclined side (line E), conceivably as a result of erosion 
during successive penetration into the soft clay. Within the soft clay, there is greater 
tendency to horizontal movements (compare arrows D and F), which could be 
attributable to the increasing gradient of the sloping interface between the two layers. 
At D/B = 30% and 40% (Figures 4.7(e) & (f)), the progressive separation of the crust 
plug from the upper layer continues as before. Within the soft clay, an inverted-conical 
zone beneath the plug, as delineated by curves G and J, moves rigidly in tandem with 
the plug, and beyond this zone, soil displacements decrease rapidly within short radial 
distances away (arrows H and K), suggesting more localised soil flow. This rigid zone 
may be formed as a result of the rough interface between the crust plug and the soft 
clay, which restricts lateral movements in the soft clay. The localised soil flow may 
indicate transition from local shear failure to punching shear failure in the soft clay. At 
D/B = 60% (Figure 4.7(g)), the crust plug has almost fully separated from the upper 
layer, and the failure pattern in the soft clay is unchanged. At D/B = 80% (Figure 
4.7(h)), the crust plug has separated from the upper layer and is fully embedded in the 
soft clay. At this stage, the soil failure is confined within the soft clay, and the 
punching-shear resistance in the upper layer is no longer present. The plug thickness is 
approximately 85% of the original thickness of the crust layer H. Backflow of soft clay 
is seen around the spudcan edge (arrow L) as the separation of the crust plug has 
exposed part of the soft clay to the cavity above the spudcan.  
Figure 4.8 shows the corresponding contour plots of soil incremental displacements. 
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The contour values are in proportion to the magnitude of spudcan incremental 
displacement (i.e. contour value of 1 implies equal magnitude of incremental 
displacements between soil and spudcan). Punching failure in the crust layer is evident 
from the close packing of contour lines radiating from the spudcan edge within the 
layer. Defining the contour line of 0.1 as the boundary of the influence zone of 
deformation, the vertical extent of the influence zone ranges from 1.2B to 1.4B, with 
smaller values at deeper penetration depths, whereas the horizontal extent measures 
between 0.8B and 1B from the axis of symmetry. This horizontal extent is significantly 
smaller than the model side boundary width of 2.1B from the axis of symmetry (Figure 
3.4), and hence the side boundary effects are deemed insignificant. The zone 
encompassed by the contour line of 0.9 beneath the spudcan gives evidence to the rigid 
mass of soil trapped beneath the spudcan. The size of the rigid mass is seen to increase 
with penetration depth until a limiting condition is reached. At D/B of 5% to 20% 
(Figures 4.8(a) to (c)), the rigid mass is composed entirely of the crust material (i.e. the 
crust plug). However, at deeper penetration depths (Figures 4.8(d) to (f)), the rigid 
mass includes part of the soft clay material to form an inverted-conical shape 
resembling a cone penetrometer. This growth in size of the rigid mass is accompanied 
by localisation of soil flow as shown by the closer packing of contour lines around the 
rigid mass. The above observations are consistent with those obtained earlier from the 
corresponding vector plots (Figure 4.7).   
4.4.2 Effects of thicknesses of upper soil layer 
As reviewed in Section 2.4, while the measured load-penetration responses for 
different H/B have been reported by Hossain & Randolph (2010a), the effects of H/B 
on the corresponding failure mechanisms have not been reported in the literature. In 
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this Section, the observed failure mechanisms during spudcan penetration for different 
H/B in ‘Series 1’ tets are presented. 
Figure 4.9 shows the vector plots at D/B = 5% for normalised crust layer thicknesses 
H/B ranging from 0.14 to 1.04  (Tests H1 to H4; Table 3.1). Punching failure in the 
crust layer with a vertical slip surface exists in all four cases, although for the case 
with the largest H/B (= 1.04), a secondary failure surface is also observed (Figure 
4.9(d)). This secondary failure occurs briefly during the initial spudcan penetration and 
is no longer observable when D/B reaches about 20%, after which failure in the crust 
layer is solely propagated by punching shear mode. Within the soft clay, local or 
punching shear failure occurs in all four cases. For H/B = 0.14 (Figure 4.9(a)), soil 
displacements turn from vertical in the centre zone (below the spudcan centre) to 
horizontal in the side zone. Towards the interface between the two soil layers, the 
displacements turn slightly upward (or heaving). With larger H/B, however, there is a 
decrease in the horizontal and upward displacements in the side zone; which could be 
attributable to 1) decreasing distortion in the interface between the two soil layers with 
increasing H/B, and 2) greater resistance provided by the thicker crust layers against 
heaving in the soft clay.  
Figure 4.10 shows the corresponding contour plots at D/B = 5%. Punching failure in 
the crust layer is clearly evident from the close packing of contour lines radiating from 
the spudcan edge within the layer. For H/B = 1.04 (Figure 4.10(d)), however, the 
contour lines within the layer are rather erratic, probably owing to the presence of the 
secondary failure surface as noted earlier. The vertical extent of the influence zone of 
deformation (outlined by contour line of 0.1) is also seen to increase with H/B: from 
1.2B for H/B = 0.14 (Figure 4.10(a)) to 1.8B for H/B = 1.04 (Figure 4.10(d)). Merifield 
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et al. (1999), from their bearing capacity study of a strip footing on two-layer clay, 
similarly observed that as the thickness of the crust layer increases (up to a certain 
limit), “upward deformations within the bottom layer become restricted, causing an 
increase in the extent of plastic yielding.” 
Figure 4.11 shows the corresponding comparison of vector plots at D/B = 60%. At this 
penetration depth, the spudcan has fully punched through the crust layer in the case of 
H/B = 0.14 (Figure 4.11(a)), but is only halfway doing so in the case of H/B = 1.04  
(Figure 4.11(d)). In all cases, a rigid crust plug exists beneath the spudcan. The ratio of 
the final thickness of the plug to the original thickness of the crust layer (H) decreases 
from 0.85 for H/B = 0.14 to 0.7 for H/B = 1.04. This decrease could be a result of the 
larger spudcan resistance generated by larger H/B (as shown in Figure 4.2), which 
imposes greater vertical stress on the crust plug and hence greater vertical compression 
therein. The final thickness of the crust plug is also affected by the strength ratio 
between the two soil layers cu2/cu1, which will be discussed further in Chapter 5. 
Within the soft clay, backflow is seen in the case of H/B = 0.14 (Figure 4.11(a)), and 
not in the other cases, as the soft clay around the spudcan edge is subjected to less 
restraint from the upper layer in the former case. This difference aside, an inverted-
conical rigid mass of soft clay is consistently seen beneath the crust plug, beyond 
which the soil displacements rotate from vertical to horizontal in the manner 
characteristic of local or punching shear failure in the soft clay. 
Figure 4.12 shows the corresponding contour plots at D/B = 60%. A rigid zone 
beneath the spudcan (outlined by the contour line of 0.9) comprising the crust plug and 
the inverted-conical mass of soft clay is clearly seen. The depth of the rigid zone 
increases from 0.7B for H/B = 0.14 (Figure 4.12(a)) to approximately 1B for H/B = 
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1.04 (Figure 4.12(d)). The depth of the influence zone of deformation (outlined by 
contour line of 0.1) is also seen to increase with H/B, as thicker crust plugs have an 
effect of transferring spudcan displacements down to deeper levels. 
The soil surface beyond the spudcan radius must heave up to accommodate the volume 
of soil displaced during the spudcan penetration in an undrained condition. This is 
evident from the soil surface plots for various H/B at D/B = 60% in Figure 4.11. It is 
noteworthy that in the figure, the vertical axis y/B represents the normalised distance 
from the original soil surface. It is seen that the surface heave ranges from 1%B to 
3%B. Using the principle of conservation of volume, the theorectical value of the 
surface heave could be calculated. Assuming that the extent of soil heave is 2B in 
radial distance, the volume of soil displaced at D/B = 60% is theorectically 
compensated by a surface heave of 4%B. The measured surface heave is lower than 
the theoretical value probably because the spudcan penetration tests are not perfectly 
undrained; some dissipation of excess pore water pressure is inevitable during the 
penetration. 
The spudcan penetration depth where the crust plug gets fully separated from the 
upper layer is observed to vary with H/B. Figure 4.13 shows the photographs of 
deformed soil at the point where the crust plug is on the verge of full separation from 
the upper layer for H/B ranging from 0.14 to 0.69 (Tests H1 to H3). This ‘separation’ 
point marks the state where the punching-shear resistance in the upper layer is no 
longer present and so the effects of the upper layer on the spudcan resistance become 
marginal. For larger H/B, the full separation of the crust plug occurs at deeper spudcan 
penetration depth: D/B = 22%, 65% and 104% for H/B = 0.14, 0.40 and 0.69 (Figures 
4.13(a), (b) & (c)), respectively. Normalising these D/B values with the respective H/B 
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values, one would obtain D/H in the range of 1.5 to 1.6. In other words, the full 
separation of the crust plug occurs at a penetration depth of 1.5 to 1.6 times the upper-
layer thickness. This could partly explain the convergent trend of the load-penetration 
response after D/B ≈ 1.5×H/B (or D/H ≈ 1.5) as discussed in Section 4.2.2. 
The effects of H/B on the degree of distortion in the interface between the two soil 
layers at D/B of 5 to 20% are shown in Figure 4.14. The horizontal extent of distortion 
(as circumscribed by the dotted line) is seen to increase with H/B: from approximately 
0.7B (measured from the axis of symmetry) for H/B = 0.14 to 0.8B for H/B = 1.04. 
These values are significantly higher that the spudcan radius B/2 as the crust layer has 
an effect of ‘smoothing out’ the indentation caused by the spudcan on the crust surface. 
It is worth noting that Brown & Meyerhof (1969)’s equation assumes a ‘crust-footing’ 
with a radius of B/2 pushing into the lower layer. As such, the bearing capacity of the 
lower layer is equal to that given by a footing with a radius of B/2. From the above 
observations, however, the extent of indentation on the lower layer is greater than B/2 
(in radius), suggesting that the bearing capacity mobilised in the layer could 
potentially be greater than that assumed in Brown & Meyerhof (1969)’s equation. The 
increasing horizontal extent of distortion with H/B is also seen to be accompanied by a 
reduction in the vertical distortion (or settlement) of the interface, i.e. the distortion 
gets wider but shallower with increasing H/B. For instance, at D/B = 5%, the 
maximum settlement of the interface is 0.12B for H/B = 0.14, but is only 0.02B for 
H/B = 1.04. This may imply that the full mobilisation of the bearing capacity of the 
lower layer would occur at different spudcan penetration depths for different H/B, and 
that larger spudcan penetration depths may be needed to fully mobilise the bearing 
capacities in cases with larger H/B. Also observed from the figure is the lack of 
upward bulging in the interface on the right side (or left by symmetry) of the spudcan, 
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which could be attributable to the restraining effects of the crust layer. 
4.4.3 Effects of strength versus depth profiles of lower soil layer 
The preceding analysis of soil deformation all pertained to test cases with the lower 
soil layer having uniform strength with depth. As reviewed in Section 2.4, while the 
measured load-penetration responses for different strength versus depth profiles in the 
lower clay layer (i.e. uniform and linearly-increasing strength profiles) have been 
reported by Hossain & Randolph (2010a), the effects of the strength profile on the 
corresponding failure mechanisms have not been reported in the literature. In this 
Section, the results from two tests with linearly-increasing strength versus depth 
profiles in the lower layer, namely Tests H5 and H6 (Table 3.1), are compared with 
the corresponding uniform-strength cases in order to reveal any differences in soil 
deformation between the two strength profiles. 
Figure 4.15 shows the comparison of soil incremental displacements between Tests H5 
and H1 (with increasing and uniform lower-layer strength profiles respectively) for 
H/B = 0.14, at D/B = 5%. Test H5 shows greater tendency to lateral soil displacements 
in the lower layer (Figure 4.15(a)), as a result of which, the extent of soil deformation 
is wider but shallower (Figure 4.15(b)) than in Test H1. This is not surprising as the 
increasing soil strength with depth (Test H5) presents greater resistance for vertical 
soil flow to a deeper level (where the strength is larger). This in turn makes it easier 
for the soil to flow laterally instead than in the case of uniform strength profile (Test 
H1). This shallower-but-wider pattern of deformation in the lower layer is similar, 
albeit in more gradual manner, to the phenomenon of squeezing of clay encountered in 
the case of two-layer soft-over-stiff clay (see e.g. Brown & Meyerhof, 1969; Vesic, 
1975). At a deeper spudcan penetration, D/B = 60%, the corresponding comparison 
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shown in Figure 4.16 gives a similar pattern of shallower extent of vertical 
displacements coupled with greater lateral displacements in the case of increasing 
strength profile. It may also be noted that there is greater degree of soil backflow 
around the spudcan in Test H5 as the soft clay above the spudcan level therein is softer 
than that in Test H1. 
Figures 4.17 and 4.18 show the corresponding comparisons for H/B = 1.04 (Tests H6 
versus H4) at D/B = 5% and 60%, respectively. Again the case with increasing-
strength lower layer (Test H6) shows shallower extent of vertical displacements 
coupled with greater lateral displacements, as compared to the case with uniform-
strength lower layer (Test H4). Hence, the effects of increasing-strength lower layer on 
the soil deformation pattern are very similar for the range of H/B from 0.14 to 1.04. 
4.4.4 Limiting cavity depth above penetrating spudcan  
It has been shown earlier from Figures 4.6 and 4.7 that the penetrating spudcan leaves 
behind a cavity which remains open until a stage where soil backflow starts to occur. 
Figure 4.19 traces the evolution of the cavity after the initiation of soil backflow for 
Test H1 (H/B = 0.14). At D/B = 60% (Figure 4.19(a)), where soil backflow has been 
observed to occur as shown in Figure 4.11(a), the cavity above the spudcan is still 
largely open as the surrounding soil wall has not collapsed yet. The soil wall bulges 
into the cavity but otherwise remains standing. At a deeper spudcan penetration, D/B = 
80% (Figure 4.19(b)), the soil wall on one side has collapsed, and soft clay has started 
to infill the cavity and partially covered the top of the spudcan. The soil infilling 
continues as the spudcan penetrates further, and at D/B = 100% (Figure 4.19(c)), the 
spudcan has become fully ‘submerged’ in the soft clay. The soil infilling above the 
spudcan adds an overburden mass on top of the spudcan and so has an effect of 
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reducing the (net) soil resistance on the spudcan during the penetration. With further 
spudcan penetration and soil infilling, the cavity evolves into a bowl-like shape, and 
eventually has reached a stable limiting state at D/B = 120% (Figure 4.19(d)) where 
further penetration no longer causes any change in its geometry.  
Figure 4.20 shows the limiting cavities for Tests H1, H2 and H5. The limiting cavity 
depth ds is taken for simplicity to be the average cavity depth at a radial distance of 
B/4 (or half of spudcan radius) from the spudcan centre. The values of ds normalised 
by the spudcan diameter (i.e. ds/B) for these three tests are 0.48 (Figure 4.20(a)), 0.68 
(Figure 4.20(b)) and 0.36 (Figure 4.20(c)) respectively. The difference in these values 
is attributable to either different crust layer thicknesses (between Tests H1 and H2) or 
different strengths of soft clay (between Tests H1 and H5). Further discussions on the 
factors affecting ds/B will be given in Chapter 6.   
Interestingly there is a link between ds and the depth where soil backflow is first 
observed during spudcan penetration. Figure 4.21 shows the observed soil flow 
patterns at stages near the initiation of soil backflow for the above three tests. It could 
be seen that soil backflow is first observed approximately at D/B = 50% for Test H1 
(Figure 4.21(a)), at D/B = 70% for Test H2 (Figure 4.21(b)), and at D/B = 40% for 
Test H5 (Figure 4.21(c)), which are close to the respective ds/B values of 0.48, 0.68 
and 0.36 stated earlier. This suggests close proximity between the limiting cavity 
depth and the depth of initiation of soil backflow.  
4.4.5 Comparison with sand overlying soft clay 
Another type of stiff-over-soft layered soil usually associated with punch-through 
problems in practice is sand overlying soft clay. The soil deformation patterns during 
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spudcan penetration in sand overlying soft clay was reported by Teh et al. (2008) and 
are compared herein with the present results of crust overlying soft clay to obtain the 
salient differences between the two layered soil systems.  
Figure 4.22 shows the comparison between the observed patterns in Teh et al. (2008)’s 
test on sand overlying soft clay and those in Test H6 (crust overlying soft clay). The 
configurations in Teh et al. (2008)’s test are: spudcan diameter B = 6 m; thickness of 
sand layer H = 5 m, i.e. H/B = 0.83; and the underlying clay is normally consolidated 
having linearly-increasing strength versus depth profile. Test H6 with the parameters 
listed in Table 3.1 is chosen among all half-spudcan tests in this study for having the 
closest configurations to Teh et al. (2008)’s test. The differences in the spudcan 
diameter (B = 10 m versus 6 m) and the normalised upper-layer thickness (H/B = 1.04 
versus 0.83) between these two tests have to be noted; but in spite of these, meaningful 
comparison of certain soil deformation patterns could still be made. 
At a shallow penetration depth, D/B ≈ 10%, it is seen that the failure surface in the 
upper layer curves outwards in the case of sand overlying soft clay, but is near-vertical 
in the case of crust overlying soft clay. The outward-curving surface in the sand layer 
could be attributable to the dilatant behaviour of sand under drained shearing, 
especially given that the sand used in Teh et al. (2008)’s test is dense. Consequently 
the extent of distortion in the interface between the two soil layers is wider in the case 
of sand overlying clay than in the other case, potentially implying greater mobilisation 
of bearing resistance on the soft clay layer in the former case.    
At larger penetration depths, D/B ≈ 30% and 110%, progressive sand collapse above 
the spudcan is clearly seen whereas the crust wall above the spudcan remains standing. 
The early collapse of sand above the spudcan is attributable to its near-zero cohesion 
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in contrast to the high cohesion of crust. The resulting thicker mass of soil resting on 
top of the spudcan in the case of sand overlying clay imposes higher overburden stress 
on the spudcan than in the other case. This in turn has an effect of reducing the (net) 
soil resistance on the spudcan during the penetration and so increasing the potential for 
punch-through in the former case. Within the soft clay, it is also seen that the soil flow 
turns more readily to upward direction in the case of sand overlying clay. This could 
be attributable to the smaller thickness of the sand layer in comparison with the crust 
layer (5 m versus 10.4 m); as a result of which, the restraint against upward 
movements in the soft clay is smaller in the former case.   
In both cases, punching of the upper layer produces a sand/crust plug trapped beneath 
the spudcan. While the sand plug retains a thickness equal to the original thickness of 
the sand layer (5 m), the crust plug experiences significant vertical compression as its 
thickness is eventually reduced to 70% of the original thickness of the crust layer. This 
difference reflects the lower stiffness of the crust plug in comparison with the sand 
plug, especially as the latter is composed of dense sand.  
4.5 Further discussions 
It is earlier noted that, for cu2/cu1 between 0.21 and 0.35 (‘Series 1’ tests), the spudcan 
load-penetration response may change from a ‘post-peak reduction’ profile to a 
‘monotonic increase’ profile with decreasing crust layer thickness (see Section 4.2.2). 
A simple conceptual model is attempted herein to provide a physical explanation for 
this change in load-penetration behaviour. 
From the experimental observations given in Section 4.4, failure in two-layer clay is 
characterised by punching failure in the crust layer with a vertical slip surface, and the 
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associated formation of a crust plug, which progressively separates from the upper 
layer as it co-penetrates with the spudcan into the lower layer. This forms the basis for 
the proposed conceptual model shown in Figure 4.23. For simplicity, it is assumed in 
this model that the spudcan has a flat base, and that the crust plug is a simple 
cylindrical body whose shape remains constant and thickness is always equal to the 
original crust layer thickness (H) during the entire penetration. It is noted, based on the 
experimental observations, that the crust plug is seen to evolve from a cylindrical to a 
truncated-conical body, and that its thickness may be reduced by as much as 30% 
during the penetration. Nevertheless, these may be ignored without significantly 
affecting the general conclusions to be derived from this model.  
The four schematic diagrams of failure mechanisms in Figure 4.23 represent the four 
sequential distinct stages during spudcan penetration. The first diagram (D/B = yA) 
represents the stage of initiation of punching failure in the crust layer, whose 
penetration depth is referred to by yA. From the experimental observations, yA is about 
5% or less (Figure 4.9), and in this conceptual model, the initial deformation prior to 
yA is ignored for simplicity. At this stage, considering the crust plug as a free body, the 
spudcan resistance q is given by the sum of the side resistance from the upper clay qs1 
and the base resistance from the lower clay qb, i.e. q = qs1+qb. The second diagram (yA 
< D/B < yB) represents the stage a deeper penetration where the crust plug has partially 
slipped away from the upper layer, but at the same time is still partially connected to 
the layer. At this stage, the side of the crust plug is partially in contact with the lower 
clay. Again considering the crust plug as a free body, q = qs1+qs2+qb, where qs2 is the 
side resistance from the lower clay. The third diagram (D/B = yB) represents the stage 
where the crust plug is on the verge of full separation from the upper layer, whose 
penetration depth is referred to as yB. From the experimental observations, yB is in the 
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range of 1.5–1.6 times the normalised upper-layer thickness H/B (Section 4.4.2). At 
this stage, the crust plug is fully surrounded by the lower clay, and hence q = qs2+qb. 
Finally the fourth diagram (D/B > yB) represents the stage after the crust plug has fully 
separated from the upper layer. Ignoring the effects of potential soil backflow towards 
the top of the spudcan, q = qs2+qb.  
From this sequence of failure stages during the penetration, it may be conceived that 
the total side resistance on the crust plug qs1+qs2 decreases from a maximum value at 
the first stage (where qs1 is maximum and qs2 is zero) to a minimum value at the third 
and fourth stages (where qs1 is zero and qs2 is maximum). Assuming for simplicity 
uniform strength versus depth profiles in both upper and lower layers (referred to as 
cu1 and cu2 respectively), and no strain-softening material behaviour in both upper and 
lower clay, the theoretical maximum values of qs1 and qs2 are 4(H/B)cu1 and 4(H/B)cu2, 
respectively. On the other hand, qb tends to increase with the penetration depth owing 
to the progressive mobilisation of bearing capacity in the lower clay as well as the 
effects of ‘depth factor’ and ‘surcharge’ according to the standard bearing capacity 
theory. It will be seen that the interaction between these two opposing components, 
namely decreasing side resistance (qs1+qs2) and increasing base resistance (qb), could 
result in either a ‘post-peak reduction’ profile or a ‘monotonic increase’ profile in the 
spudcan load-penetration response, depending on the thickness of the crust layer. To 
illustrate this, two cases with different thicknesses of the crust layer are considered as 
follows.  
The first case, “Case 1” (Figure 4.23), represents a ‘thick’ crust layer, which is defined 
as such that would result in a ‘post-peak reduction’ profile in the spudcan load-
penetration response. The plot of qs1+qs2 versus D/B reflects the decreasing side 
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resistance from a maximum value at point “A” (D/B = yA) to a smaller value at point 
“B” (D/B = yB) onwards. Between points “A” and “B”, the exact variation of the side 
resistance versus the penetration depth is not known and is assumed to be a straight 
line in the plot. The gradient of this line, “m”, is given by the ratio of 
4(H/B)cu1−4(H/B)cu2 to yB−yA. Since yA is relatively small compared to yB, yB−yA ≈ yB ≈ 
1.5H/B or 1.6H/B (as discussed earlier), and hence m ≈  3(cu1−cu2). The corresponding 
plot for qb is postulated to be a monotonically-increasing curve whose shape is 
consistent with the typical load-settlement curves for soft soil (see e.g. Terzaghi, 1943; 
Vesic, 1975). It is important to note that this curve has a decreasing rate of change (or 
gradient) with increasing penetration depth. If the rate of increase in qb is smaller than 
the rate of decrease in qs1+qs2 over a certain depth interval, the net effect is a decrease 
in spudcan resistance (q) over the same interval, and vice versa. Summing these two 
plots together, the resulting spudcan load-penetration curve shows a ‘post-peak 
reduction’ profile as there exists a range of D/B where the rate of decrease in qs1+qs2 
outweighs the rate of increase in qb.  
The second case considered, “Case 2” (Figure 4.23), represents a ‘thin’ crust layer, 
which is defined as such that would result in a ‘monotonic increase’ profile in the 
spudcan load-penetration response. Owing to the smaller thickness of the crust layer 
(or H/B) in this case, qs1+qs2 is smaller here than in the previous case, which is 
reflected in the respective plot. The depth of point “B” (yB) is also shallower owing to 
the same reason, and hence the reduction in qs1+qs2 occurs within a shallower range of 
D/B than in the previous case. However the gradient of the line between points “A” 
and “B” is estimated to be equal to “m” in the previous case, given that “m” is a 
function of only (cu1−cu2) as obtained earlier and so is independent of H/B. On the 
other hand, the plot for qb is estimated to have a similar profile as in the previous case, 
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even though the exact magnitude may be affected by the difference in the ‘depth 
factor’ between the two cases. Summing these two plots together, the resulting 
spudcan load-penetration curve shows a ‘monotonic increase’ profile. This is in 
contrast to the previous case, as the reduction in qs1+qs2 occurs within a shallow range 
of D/B where qb increases at a faster rate, giving a net increase in the spudcan 
resistance. 
Hence the above two cases illustrate the effects of H/B on the existence of a ‘post-peak 
reduction’ profile or a ‘monotonic increase’ profile in the spudcan load-penetration 
response. It may also be shown from this conceptual model that the strength ratio 
between the two soil layers cu2/cu1 has a significant effect on the load-penetration 
profile. A decrease in cu2/cu1 implies a greater reduction in qs1+qs2 between points “A” 
and “B” (which is given by 4(H/B)cu1−4(H/B)cu2) and so a larger “m” value. Hence the 
rate of decrease in qs1+qs2 is higher, which in turn increases the likelihood (or the 
severity) of a ‘post-peak reduction’ profile in the spudcan load-penetration response. 
Likewise an increase in cu2/cu1 has an opposite effect of increasing the likelihood of a 
‘monotonic increase’ profile.   
4.6  Summary 
This Chapter presents the results from spudcan penetration tests in two-layer clay for 
the following range of parameters: H/B ranging from 0.14 and 1.04; cu1 = 84 kPa (peak 
strength) or 52 kPa (post-rupture strength); and two types of strength versus depth 
profiles in the lower layer, namely uniform profile with cu2 = 18 kPa (‘Series 1’) and 
linearly-increasing profile with cu2 = 0.28 vσ ′ (‘Series 2’). The main contributions of the 
present experimental study beyond the findings of Hossain & Randolph (2010a) are 
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summarised as follows. 
(a)  The measured spudcan load-penetration responses show that, as H/B decreases, the 
tendency for post-peak reduction in resistance with depth decreases. More 
significantly, for cu2/cu1 between 0.21 and 0.35 (‘Series 1’ tests), the load-
penetration profile changes from ‘post-peak reduction’ to ‘monotonic increase’ 
when H/B decreases below a certain critical value. For ‘Series 1’ tests, this critical 
value is approximately 0.3. The practical implications of this finding are 1) the 
potential for punch-through decreases as the upper-layer thickness decreases, and 2) 
there is a certain critical upper-layer thickness below which punch-through 
becomes improbable. 
(b) The observed soil failure mechanisms during spudcan penetration for H/B between 
0.14 and 1.04 are similarly characterised by punching failure in the crust layer and 
the resultant trapping of a crust plug beneath the spudcan, coupled with local or 
punching shear failure in the soft clay layer. However, the horizontal and upward 
displacements in the soft clay decreases with larger H/B, which could be attributed 
to 1) decreasing distortion in the interface between the two clay layers for a given 
spudcan penetration depth, and 2) greater resistance provided by the thicker crust 
layers against heaving in the soft clay. The ratio of the final thickness of the crust 
plug to the original thickness of the crust layer (H) also decreases with larger H/B 
(from 0.85 for H/B = 0.14 to 0.7 for H/B = 1.04). This decrease could be a result of 
the larger spudcan resistance generated by larger H/B, thereby causing greater 
vertical compression in the crust plug.  
(c)  The strength profile of the lower soft clay layer is shown to affect the soil failure 
mechanism during spudcan penetration in two-layer clay. The extent of soil 
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deformation is shallower but wider in the soft clay layer with increasing strength 
with depth than in the soft clay layer with uniform strength. The increasing 
strength profile tends to provide greater resistance against downward soil flow, 
which in turn makes it easier for the soil to flow laterally. 
In addition to the above main contributions, useful findings obtained in the present 
experimental study are summarised as follows. 
(1) Observations of soil deformation during spudcan penetration revealed the 
following patterns. Upward bulging of the soft clay on the side of the spudcan 
usually associated with general shear failure is hardly present during spudcan 
penetration probably owing to the restraining effects of the crust layer. The full 
separation of the plug from the upper layer are observed to occur at spudcan 
penetration depths of about 1.5H to 1.6H. At sufficiently deep penetration, 
backflow of soft clay around the spudcan edge is initiated, leading to soil infilling 
into the cavity above the spudcan. The limiting cavity depth above the spudcan is 
shown to coincide with the depth of initiation of soil backflow. 
(2) Comparisons between the measured peak spudcan resistance in ‘Series 1’ tests and 
Brown & Meyerhof (1969)’s bearing capacity solution show good agreement 
between them if the upper-layer crust is characterised by the peak strength (cu1 = 
84 kPa) rather than the post-rupture strength (cu1 = 52 kPa). This is not surprising 
as Brown & Meyerhof (1969)’s solution is based on an experimental study where 
the strain-softening clay is characterised by the peak strength. On the other hand, 
the measured peak spudcan resistance shows better agreement with the numerical 
bearing capacity solutions of Edwards & Potts (2004), Merifield & Nguyen (2006) 
and Hossain & Randolph (2009a) if the crust is characterised by the post-rupture 
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strength rather than the peak strength. This is because these solutions assume 
perfectly-plastic material behaviour, and the post-rupture strength is estimated to 
be closer to the mobilised average strength of the crust layer in this study than the 
peak strength. 
(3) Several modifications to Brown & Meyerhof (1969)’s solution are proposed in the 
present study to extend the use of the solution to two-layer clay with linearly-
increasing cu2 with depth. These modifications are based on either a) the 
substitution of the theoretical bearing capacity solution for single-layer clay of 
linearly-increasing strength for the second term in Brown & Meyerhof (1969)’s 
solution (i.e. 6.05cu2), or b) the use of the average strength over the depth of B/2 or 
B from the uppermost level within the lower layer as an equivalent ‘uniform’ 
strength of the lower layer cu2. The proposed solutions show reasonably good 
agreement with the measured peak spudcan resistance in ‘Series 2’ tests with 
errors less than 15%, thereby suggesting some validity of these solutions. 
(4) Lastly, a simple conceptual model based on the observed failure mechanisms is 
proposed to provide a physical explanation for the change from a ‘post-peak 
reduction’ profile to a ‘monotonic increase’ profile in the spudcan load-penetration 
response with decreasing crust layer thickness. In this conceptual model, 
considering the crust plug as a free body, the spudcan resistance could be given by 
the sum of the side resistance and the base resistance on the plug. With increasing 
spudcan penetration depth, the side resistance tends to decrease whereas the base 
resistance tends to increase. It could be shown that the interaction between these 
two opposing components tends to produce a ‘post-peak reduction’ profile for a 
thick crust layer and a ‘monotonic increase’ profile for a thin crust layer. 
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Figure 4.2. Spudcan load-penetration response in two-layer clay for ‘Series 1’ tests 
(uniform cu2 versus depth) 
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Figure 4.3. Spudcan load-penetration response in two-layer clay for ‘Series 2’ tests 
(linearly-increasing cu2 versus depth) 
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Figure 4.4. Comparison of measured peak spudcan resistance in ‘Series 1’ tests with 
existing solutions assuming (a) mobilised strength in upper layer is equal to peak 
strength (cu1 = 84 kPa), and (b) mobilised strength in upper layer is equal to post-
rupture strength (cu1 = 52 kPa) 
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(b) 
Figure 4.5. Comparison of measured peak spudcan resistance in ‘Series 2’ tests with 
existing and proposed solutions assuming (a) mobilised strength in upper layer is equal 
to peak strength (cu1 = 84 kPa), and (b) mobilised strength in upper layer is equal to 
post-rupture strength (cu1 = 52 kPa) 
 




(a) D/B = 5% 
 
(b) D/B = 10% 
 
(c) D/B = 20% 
 
(d) D/B = 40% 
 
(e) D/B = 60% 
 
(f) D/B = 80% 



















































































(d) D/B = 20% 
 
Crust surface 



















































































(h) D/B = 80% 
Figure 4.7. Vectors of soil incremental displacements at D/B = 0 to 80% for Test H2 












































































































































(f) D/B = 80% 
Figure 4.8. Contours of soil incremental displacements at D/B = 0 to 80% for Test H2 

















































































(d) H/B = 1.04 (Test H4) 












































































































































(d) H/B = 1.04 (Test H4) 
Figure 4.10. Contours of soil incremental displacements at D/B = 5% for various H/B values (contour values in proportion to magnitude of 



















































































































(d) H/B = 1.04 (Test H4) 









































































































































(d) H/B = 1.04 (Test H4) 
Figure 4.12. Contours of soil incremental displacements at D/B = 60% for various H/B values (contour values in proportion to magnitude of 







































(a) H/B = 0.14 (Test H1) 
 
(b) H/B = 0.40 (Test H2) 
 
(c) H/B = 0.69 (Test H3) 






































Figure 4.14. Degrees of distortion in interface between crust and soft clay at D/B of 






D/B = 22% 
D/B = 65% 
D/B = 104% 













































































(b) Contours of incremental displacements 
Figure 4.15. Soil incremental displacements at D/B of 5% for Tests H1 and H5 
(vectors scaled 10×; contour values in proportion to magnitude of spudcan incremental 
displacement) 
 
H/B = 0.14; Increasing cu2 
(Test H5) 
H/B = 0.14; Uniform cu2 
(Test H1) 
H/B = 0.14; Increasing cu2 
(Test H5) 
H/B = 0.14; Uniform cu2 
(Test H1) 











































































(b) Contours of incremental displacements 
Figure 4.16. Soil incremental displacements at D/B of 60% for Tests H1 and H5 
(vectors scaled 10×; contour values in proportion to magnitude of spudcan incremental 
displacement) 
 
H/B = 0.14; Increasing cu2 
(Test H5) 
H/B = 0.14; Uniform cu2 
(Test H1) 
H/B = 0.14; Increasing cu2 
(Test H5) 
H/B = 0.14; Uniform cu2 
(Test H1) 





















































































(b) Corresponding contours 
Figure 4.17. Soil incremental displacements at D/B of 5% for Tests H4 and H6 
(vectors scaled 10×; contour values in proportion to magnitude of spudcan incremental 
displacement) 
H/B = 1.04; Increasing cu2 
(Test H6) 
H/B = 1.04; Uniform cu2 
(Test H4) 
H/B = 1.04; Increasing cu2 
(Test H6) 
H/B = 1.04; Uniform cu2 
(Test H4) 




















































































(b) Corresponding contours 
Figure 4.18. Soil incremental displacements at D/B of 60% for Tests H4 and H6 
(vectors scaled 10×; contour values in proportion to magnitude of spudcan incremental 
displacement)
H/B = 1.04; Increasing cu2 
(Test H6) 
H/B = 1.04; Uniform cu2 
(Test H4) 
H/B = 1.04; Increasing cu2 
(Test H6) 




(a) D/B = 60% 
 
(b) D/B = 80% 
 
(c) D/B = 100% 
 
(d) D/B = 120% 







































(a) Test H1 (H/B = 0.14) 
 
(b) Test H2 (H/B = 0.40) 
 
(c) Test H5 (H/B = 0.14) 
Figure 4.20. Measurements of limiting cavity depths (ds) for Tests H1, H2 and H5 
Average cavity depth 
ds/B = 0.48 
Average cavity depth 
ds/B = 0.68 
Average cavity depth 















































































































































(c) Test H5 (H/B = 0.14) 
Figure 4.21. Vectors of soil incremental displacements at/near depths of initiation of 
soil backflow for Tests H1, H2 and H5 (vectors scaled 10×)  
D/B = 40% 
D/B = 45% 
D/B = 50% 
D/B = 65% 
D/B = 70% 
D/B = 75% 
D/B = 30% 
D/B = 35% 
D/B = 40% 


















































Figure 4.22. Comparison of soil deformation patterns between (a) crust overlying soft 












































































































































































Chapter 5 Numerical Analysis of Spudcan Penetration in Two-Layer 
Clay  
5.1 Introduction 
As reviewed in Section 2.5, existing numerical studies of spudcan or footing 
penetration in two-layer clay by Wang & Carter (2002) and Hossain & Randolph 
(2010b) have shown that the potential for punch-through is affected by the normalised 
upper-layer thicknesses H/B, the strength ratio cu2/cu1, the non-dimensional strength 
cu2/(γ2′B), and the degree of lower-layer strength non-homogeneity kB/cu2,0 (where k is 
the rate of strength increase with depth in the lower layer and cu2,0 is the strength at the 
uppermost level of the lower layer). In these studies, the soil is modelled as an elastic-
perfectly plastic Tresca material. On the other hand, as reviewed in Section 2.2, clay 
crusts in practice may exhibit strain-softening material behaviour within the range of 
triaxial test measurements. Such material behaviour is also evident in the crust 
specimens used in the present experimental study reported in Chapter 3. The effects of 
such strain-softening material behaviour on the spudcan-penetration system response 
in two-layer clay have yet to be investigated. 
The purpose of this Chapter is to present numerical analysis of spudcan penetration in 
two-layer clay and a comprehensive parametric study, in particular on the effects of 
the above strain-softening material behaviour on the spudcan load-penetration 
response. This Chapter will also provide the groundwork for the development of a 
design method to be presented in Chapter 6. In the present numerical study, each clay 
layer is assumed to be uniform in strength with depth, and so the effects of strength 
non-homogeneity within each layer (such as in ‘Series 2’ tests presented in Chapter 4)
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are not considered. 
5.2 Brief description of Eulerian finite element method 
It is well known that conventional Lagrangian finite element method may suffer from 
excessive mesh distortion in problems involving very large deformation such as in the 
case of spudcan penetration. To circumvent the mesh distortion problem, Eulerian 
finite element method is adopted in the present study. Unlike Lagrangian mesh which 
deforms together with the material, Eulerian mesh is fixed in space while allowing the 
material to flow through the elements within the mesh. As Eulerian mesh is 
undeformed regardless of material deformation, the problem of excessive mesh 
distortion does not apply here. On the other hand, while the material boundary (or 
material interface) coincides with the element boundary in Lagrangian mesh, the two 
boundaries are not coincident in Eulerian mesh, which may result in less precise 
definition of material boundary in the latter. As the material is allowed to flow through 
the elements, Eulerian mesh may not be 100% full of material: some elements may be 
partially or completely void. Hence the volume of Eulerian mesh is necessarily larger 
than the volume of the material if no material is allowed to leave the mesh. 
In the present study, Eulerian finite element analysis is performed using Abaqus 
version 6.9-EF (Simulia, 2009) with an explicit integration (time-marching) scheme. 
In Abaqus, the material boundary or interface is tracked using fractional volume 
method. In this method, an Eulerian volume fraction (EVF) is computed at each time 
increment for each element. If a material completely fills an element, its volume 
fraction is one; if no material is present in an element, its volume fraction is zero. 
Based on these volume fractions, the material interface is reconstructed using an 
algorithm that approximates the material interface within an element as simple planar 
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facets. The algorithm for the transport of material through the mesh is based on an 
‘operator split’, whereby a Lagrangian step is performed first which allows the mesh 
to follow the material and distort, and subsequently the solution on the distorted mesh 
is mapped back onto the original Eulerian (spatially fixed) mesh in a separate step (see 
e.g. Benson, 1992). Abaqus allows the modelling of structures (such as a spudcan) as 
Lagrangian bodies in a ‘Coupled Eulerian-Lagrangian’ analysis. The Lagrangian 
elements interacts with the Eulerian material through an Eulerian-Lagrangian contact 
formulation based on an enhanced immersed boundary method. In this method, the 
Lagrangian structure occupies void regions inside the Eulerian mesh, and the contact 
algorithm tracks the interface between the Lagrangian structure and the Eulerian 
material and prevents the material from entering the regions occupied by the structure.      
5.3 Numerical model 
Figure 5.1 shows the Eulerian finite element model used in the present study at the 
initial (undeformed) state. The model is three-dimensional consisting of 8-noded 
reduced-integration brick elements, as in Abaqus the implementation of Eulerian 
method is only available for this type of elements. The axisymmetric condition is 
enforced by constraining the tangential degree of freedom on the flat vertical faces of 
the model: material is not allowed to move tangentially across these faces while is free 
to move in the other orthogonal directions. The spudcan is modelled as a rigid 
Lagrangian body. A 45°-domain of the three-dimensional problem is modelled owing 
to axisymmetry. The 45º domain angle was obtained to be the optimum size after some 
trials. This domain angle gives the smallest three-dimensional model (hence the least 
computational time) without causing excessive skewing of the brick elements near the 
axis of symmetry. 
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The soil is modelled as a Tresca material. The soil strength is non-softening with 
respect to plastic strain, unless otherwise stated. A Poisson’s ratio v of 0.495 is used to 
simulate undrained condition. The spudcan penetration is carried out at a constant rate 
of displacement.  
The soil is given initial stresses based on its submerged self-weight and coefficient of 
lateral stress K0 = 1. The use of the submerged unit weights instead of the total unit 
weights is because the spudcan resistance is governed by the submerged unit weights 
as given by the standard bearing capacity equation (cuNc+γ′D). In addition, the 
occurrence of soil backflow and the associated limiting cavity depths are also 
dependent on the submerged unit weights as shown by Hossain et al. (2005) and 
Hossain & Randolph (2010a). 
5.4 Preliminary analyses 
Initial penetration analyses were conducted to investigate the effects of the following 
factors on the spudcan load-penetration response: 1) soil model: Tresca versus von 
Mises, 2) spudcan penetration rate, 3) mesh fineness, 4) model boundary, 5) spudcan 
base inclination angle, 6) spudcan surface roughness, and 7) soil normalised stiffness 
E/cu. In these analyses, the following parameters are used unless otherwise stated. The 
spudcan diameter (B) is 15 m, and its geometry is shown in Figure 5.2(a), which is a 
simplified version of the spudcan model used in the present experimental study. The 
base inclination angle of the spudcan measured from the horizontal is 11°. The 
spudcan surface is fully rough, i.e. no slip at the soil-spudcan interface is allowed. The 
normalised upper-layer thickness (H/B) is 0.5. The soil (effective) unit weights are γ1′ 
= 8.5 kN/m3 and γ2′ = 7 kN/m3. The soil elastic modulus E is 400 times the soil 
strength cu. The soil strengths are cu1 = 100 kPa and cu2 = 50 kPa. These soil 
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parameters are consistent with the average values encountered in practice as reviewed 
in Section 2.2. The numerical results of spudcan load-penetration response presented 
hereafter have been smoothened to remove oscillations in the raw stress results for 
clarity of presentation. The smoothing procedure is based on a simple filtering process 
using simple averaging and is described in Appendix A. 
5.4.1 Tresca versus von Mises models 
In the present study, early numerical analyses were done using Abaqus version 6.8 
before the availability of the newer version 6.9-EF. These analyses were conducted 
using von Mises model as Tresca model was not available for Eulerian analysis in 
version 6.8. When version 6.9-EF became available, these analyses were then repeated 
with Tresca model, and useful comparisons between the two models could be made. 
The representations of Tresca and von Mises yield criteria on the deviatoric plane are a 
regular hexagon and a circle, respectively, as shown in Figure 5.3. For the present 
spudcan penetration problems, three ways of fitting the von Mises’ circle onto the 
Tresca’s hexagon are considered (Figure 5.3): 1) the von Mises’ circle is made to fit 
the corners of the hexagon (‘outer’ circle), 2) the von Mises’ circle is made to fit 
within the hexagon (‘inner’ circle), and 3) the von Mises’ circle is the average (in 
radius) of the ‘outer’ and the ‘inner’ circles (‘average’ circle). The relationships 
between von Mises parameter k (equal to shear strength in simple shear) and cu 
corresponding to the above three ways of fitting are 1) k = (2/√3)cu = 1.155cu, 2) k = cu, 
and 3) k = 1.077cu. It is worth noting that the difference between the ‘outer’ and the 
‘inner’ circles is approximately 15%. Figure 5.4 shows the comparison of spudcan 
load-penetration response between Tresca model and the above-fitted von Mises 
models. The ‘average’ von Mises circle is seen to give the closest results in 
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comparison with Tresca model, with overestimation less than 2%. On the other hand, 
the ‘outer’ and ‘inner’ circles give approximately 8% overestimation and 5% 
underestimation, respectively, in comparison with Tresca model.  
In all subsequent analyses, Tresca model is used. 
5.4.2 Effects of penetration rate 
Owing to Abaqus’ implementation of an explicit dynamic-analysis procedure in the 
Eulerian method, the effects of the inertial forces have to be accounted for. A fast 
spudcan penetration rate may result in significant inertial effects associated with 
particle accelerations within the soil mass. Slower penetration rates, however, require 
longer computational times. This is because a slower spudcan penetration rate would 
require more time steps for a given stable time increment size (which depends on the 
element size and the elastic properties of the soil). The aim here is to select a 
penetration rate that is slow enough such that the results approximately represent a 
quasi-static condition. Three analyses were conducted for penetration rates of 1, 0.1 
and 0.03 m/s. Using a workstation with 8 CPUs, the corresponding computational 
times for a penetration of 1.5B were approximately 30 hours, eleven days and one 
month, respectively. Figure 5.5 shows the spudcan load-penetration response from 
these analysis, expressed as q/cu1 versus D/B (where q is the spudcan resistance). The 
curves for 0.1 and 0.03 m/s are nearly identical, and hence they could be assumed to 
represent a quasi-static condition. The curve for 1 m/s shows approximately 2% 
overestimation, which is considered to be tolerable. Hence in all subsequent analyses, 
the penetration rate of 1 m/s is adopted. 
5.4.3 Effects of mesh fineness 
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Two different meshes as shown in Figure 5.6 were analysed. ‘Mesh 1’ consists of 
approximately 228,000 elements, whereas ‘Mesh 2’ is a finer mesh consisting of 
approximately 873,000 elements. The corresponding computational times for a 
penetration of 1.5B were approximately 30 hours and nine days, respectively. Figure 
5.7 shows only 2% difference in the results between the two meshes, despite ‘Mesh 2’ 
having approximately four times the number of elements of ‘Mesh 1’. Hence ‘Mesh  
1’ is considered to be sufficiently fine and is adopted henceforth.  
5.4.4 Effects of model boundary 
Different extents of model domain were also analysed to investigate the model 
boundary effects. A model with a radial extent of 2.5B and a vertical extent of 3B 
(measured from the initial soil surface level) as shown in Figure 5.1 is used as a 
reference model. Figure 5.8 shows the effects of increasing the radial extent to 5B on 
the spudcan load-penetration response. The model with radial extent of 2.5B (reference 
model) gives approximately 1% smaller spudcan resistance than in the case of 5B. 
Hence the side-boundary effects in the reference model are considered to be 
insignificant. As such the radial extent of 2.5B is adopted henceforth.  
Figure 5.9 shows the effects of increasing the vertical extent to 3.5B and 4B. For these 
analyses, the following parameters were used: H/B = 1.5; cu1 = 100 kPa; and cu2 = 20 
kPa. This set of parameters are expected to give the thickest crust plug beneath the 
spudcan during the penetration (see Sections 4.4.2 and 5.6.2) and so maximise any 
bottom-boundary effects for the range of parameters considered in the present study. It 
is seen from the figure that up to a normalised penetration depth D/B of 1.6, the 
models with vertical extents of 3B, 3.5B and 4B all give identical results. Hence up to 
this depth, the reference model (with vertical extent of 3B) is sufficient to circumvent 
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the bottom-boundary effects. Beyond this depth, up to D/B of 2, some boundary 
effects are seen for the reference model, whereas the results for the other models (with 
vertical extents of 3.5B and 4B) are identical. Hence for this range of penetration depth, 
the model with vertical extent of 3.5B is sufficient to circumvent the bottom-boundary 
effects. In all subsequent analyses, the vertical extent of 3B is adopted for cases where 
the final normalised penetration depth D/B is less than 1.6B, and the extent of 3.5B is 
adopted for cases where the final D/B is between 1.6B and 2B. 
5.4.5 Effects of spudcan base inclination angle 
Different spudcan base inclination angles from 0° and 20° (from the horizontal) were 
analysed. This range encompasses most spudcans in practice. Figure 5.10 shows the 
effects of varying the base angle on the load-penetration response. At shallow 
penetration depths (D/B < 0.1), significant differences in the load-penetration response 
are seen as a spudcan with a larger base angle gets embedded in the soil earlier. These 
effects however rapidly diminish with further penetration, and the maximum 
difference in the load-penetration response reaches a constant value of less than 1%. 
Hence varying the base angle from 0° to 20° has relatively small effects on the load-
penetration response.    
5.4.6 Effects of spudcan surface roughness 
Two limiting cases of spudcan surface roughness were analysed: fully-rough (i.e. no 
slip at the soil-spudcan interface) and fully-smooth (i.e. zero friction at the interface) 
spudcans. Figure 5.11 shows the load-penetration curves for these two cases. The 
difference between them is less than 5%, which is reasonably small. Hence the effects 
of spudcan surface roughness on the load-penetration response are not significant.         
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5.4.7 Effects of E/cu 
Different E/cu from 200 to 600 were analysed, whose results are shown in Figure 5.12. 
Apart from some differences in the results at shallow depths where the mobilised soil 
stresses may still be within the elastic range, there is hardly any difference in the 
results at larger depths. This could be attributed to the development of plastic zone of 
soil around the spudcan as the penetration progresses. Hence the effects of E/cu on the 
load-penetration response are marginal. 
5.5 Verification of model 
5.5.1 Single-layer weightless clay model 
For verification of the model in the present study, penetration of a circular (flat) rough-
based footing in single-layer uniform weightless clay is first analysed. This analysis is 
chosen as there are existing theoretical bearing capacity solutions for a circular footing 
in single-layer uniform clay. The use of weightless clay circumvents the occurrence of 
soil backflow during the penetration, as noted by Hossain & Randolph (2010b), and 
hence the deformed soil geometry during the penetration is similar to the assumed 
‘footing-wished-in-place’ geometry in the bearing capacity solutions.  
Figure 5.13 shows the comparison between the present numerical results and the 
theoretical bearing capacity solutions of Martin & Randolph (2001) and Salgado et al. 
(2004). In the figure, Nc refers to the footing resistance divided by the soil undrained 
strength, or the standard bearing capacity factor. The present results are well bounded 
by the lower and upper bound solutions of Salgado et al. (2004) during penetration up 
to approximately 1.5 times diameter. At deeper penetration, the present results 
approach the lower bound solution of Martin & Randolph (2001). Hence the present 
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results are consistent with the theoretical bearing capacity solutions, which suggests 
validity of the present numerical model. Also included in the figure are Hossain & 
Randolph (2009b)’s numerical results for spudcan penetration in uniform weightless 
clay. The present Nc is very close to Hossain & Randolph (2009b)’s during penetration 
up to approximately 1.2 times footing diameter. During subsequent penetration, the 
present Nc reaches a constant value equal to approximately 9.3, whereas Hossain & 
Randolph (2009b)’s Nc keeps increasing with depth. At penetration depth of 2 times 
footing diameter, Hossain & Randolph (2009b)’s Nc is approximately 10.5, about 13% 
larger than the present results. 
5.5.2 Two-layer clay model: Hossain & Randolph (2010a; 2010a)’s experiments 
For spudcan penetration in two-layer clay, a first verification study is done using the 
experimental data of Hossain & Randolph (2010a; 2010a). Six experimental cases 
from Hossain & Randolph (2010a; 2010a)’s study are analysed and presented in 
Figure 5.14. The spudcan diameter B is 6 m. The spudcan model geometry is shown in 
Figure 5.2(b), which is a simplification of the actual spudcan in Hossain & Randolph 
(2010a)’s study. In the experimental study, the soil strengths were measured by T-bar 
penetrometer tests, and no measurement of the strength variation with strain was given. 
The soil is assumed to be elastic-perfectly plastic (non-softening) with parameters 
according to Hossain & Randolph (2010a)’s study, which are listed in the figure. The 
soil elastic modulus E is 500cu following the assumption in Hossain & Randolph 
(2010b)’s study.  
For each experimental case, two numerical analyses are presented assuming a spudcan 
that is either fully-rough or fully-smooth. The agreement between the numerical 
results and the experimental data in Figure 5.14 is generally acceptable. The errors are 
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generally less than 15%, except for ‘Case 2’ and ‘Case 4’ where the errors reach as 
large as 30% at deeper spudcan penetration. The tendency for reduction in spudcan 
resistance with depth (or the potential for punch-through) is also reasonably well 
predicted. It is also seen that the difference between the numerical results of rough and 
smooth spudcans is generally less than 5%, with the latter giving a lower resistance. 
This is consistent with the results of the preliminary analyses in Section 5.4.6. Also 
shown in the figure are the results of Hossain & Randolph (2010b)’s numerical 
analyses for ‘Case 3’ for rough and smooth spudcans. It should be noted that 
numerical results for the other experimental cases are not given in Hossain & 
Randolph (2010b)’s study. The comparison for ‘Case 3’ shows that Hossain & 
Randolph (2010b)’s results are in close agreement with the present results. 
5.5.3 Two-layer clay model: present experiments 
A second verification study for spudcan penetration in two-layer clay is based on the 
present experimental work as presented in Chapters 3 and 4. ‘Series 1’ tests having 
uniform strength with depth in each soil layer (Table 3.1) are analysed. The simplified 
geometry of the spudcan model is shown in Figure 5.2(a) with B = 10 m. From CIU 
tests, the crust material was shown to exhibit strain softening with peak strength of 84 
kPa and post-rupture strength of 52 kPa (see Section 3.5.2). To account for this strain-
softening behaviour, the present analysis employs a simple hardening/softening model 
available in Abaqus that allows the shear strength cu to vary with respect to the 
equivalent plastic strain εp, defined as 










yzε  and pxzε  are the plastic strain components. It can be shown that 
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under a condition of uniaxial loading in y-direction, such as in a triaxial test, the above 
expression reduces to pp yε ε=  (the plastic strain in y-direction). Hence the triaxial test 
data could be used as a means of calibrating cu–εp relationship. Figure 5.15 shows the 
idealised model for the crust material, in which cu1 varies with εp according to the 
following relationships: 
(a) for 0 ≤ εp < 0.8%, cu1 = 84 kPa (peak strength); 
(b) for 0.8% ≤ εp < 1.6%, cu1 decreases linearly from 84 kPa to 52 kPa (post-rupture 
strength);  
(c) for εp ≥ 1.6%, cu1 = 52 kPa.  
Hence the strength is assumed to remain constant at 52 kPa for strains larger than 
those measured by the triaxial tests. The elastic modulus is assumed to be 400 times 
the peak strength. The model’s apparent underestimation of the post-rupture deviatoric 
stresses as seen in the figure is accounted for by the orientation of the post-rupture slip 
surfaces in the triaxial samples described in Section 3.5.2. It is noteworthy that if the 
orientation of the slip surfaces is ignored and that the ‘softened’ strength is given 
simply by half of the post-rupture deviatoric stresses, i.e. approximately 58 kPa, the 
resulting maximum difference in the numerical results would be approximately 10%. 
Such a difference would be considered reasonably small. For the lower clay layer, cu2 
= 18 kPa with no strain softening based on the measurements in Sections 3.5.3 and 
3.5.4, and its elastic modulus is assumed to be 400cu2.  
Figure 5.16 shows the comparisons between the numerical results and the 
experimental data for five tests with different H/B values (Tests F2, F3b, F4, F5, F6 
(Table 3.1)). The agreement is reasonably good with errors less than 15% for all cases. 
The numerical results also give consistent predictions in terms of the change in the 
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load-penetration profile from a ‘post-peak reduction’ profile for H/B greater than 
approximately 0.3 to a ‘monotonic increase’ profile for smaller H/B. Hence the 
potential for punch-through is well predicted. The difference between rough and 
smooth spudcan in load-penetration response is generally less than 5%.    
Figure 5.17 shows the comparison between the simulated soil deformation patterns 
during spudcan penetration and the corresponding experimental observations for Test 
H2 (H/B = 0.40; Table 3.1), with the assumption of rough spudcan in the numerical 
model. The numerical model shows punching failure in the crust layer and the 
associated trapping of the crust plug beneath the spudcan, which are consistent with 
the experimental observations. The eventual soil backflow around the spudcan edge at 
deep spudcan penetration (D/B = 0.8; Figure 5.17(f)) is also well simulated. The 
numerical simulation however shows slightly thicker crust plug beneath the spudcan 
than in the experimental model; but in spite of this, the agreement between the 
numerical and the experimental results are generally good.  
Figure 5.18 shows the corresponding numerical results if the spudcan is assumed to be 
smooth instead, alongside the same experimental results as in Figure 5.17. The 
agreement between the numerical and the experimental results is also reasonably good, 
except for a slightly thinner crust plug in the numerical simulation at deeper spudcan 
penetration (D/B = 0.8; Figure 5.18(c)). Comparing Figure 5.18 with Figure 5.17, the 
smooth spudcan is seen to give a thinner crust plug as compared to the rough spudcan. 
This is not surprising as a smooth spudcan gives greater freedom to the underlying 
crust material to move laterally and around the spudcan and so allows greater 
migration of material away from the crust plug than does a rough spudcan. In spite of 
this difference, the soil deformation patterns between the smooth and the rough 
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spudcans are generally similar. This explains the similarity in their load-penetration 
response as seen earlier in Figure 5.16.  
Figures 5.19 and 5.20 show the comparisons between the numerical and the 
experimental results for Test H1 (H/B = 0.14; Table 3.1) and Test H3 (H/B = 0.69), 
respectively. The numerical results here are based on a rough spudcan. Again the 
numerical results are consistent with the experimental observations for both cases. The 
separation of the crust plug from the remaining crust layer at deep penetration in Test 
H1 is also well simulated, as shown in Figure 5.19(c). The above comparisons hence 
confirm the validity of the present numerical model.  
5.6 Parametric studies 
From dimensional analysis, the resistance on a spudcan during penetration in two-
layer clay, q, may be given by a function of dimensionless parameters as follows. 
2 21
1 1 2 2
, , , ,
u u
u u
c cq D Hf





 ′ ′ 
,       (5.2) 
The last dimensionless parameter, cu2/(γ2′B), has been shown by Hossain & Randolph 
(2010a; 2010b) to affect the depth of initiation of soil backflow. It is dimensionally 
feasible to use cu1/(γ1′B) (or cu1/(γ2′B)) instead of cu2/(γ2′B); but it may be argued that 
soil backflow is more likely to occur in the weaker lower layer and so cu2/(γ2′B) is 
preferred for its direct reference to the properties of the lower layer. Besides the above 
dimensionless parameters, the spudcan resistance may also be affected by the strain-
softening behaviour of the crust material. In the present parametric studies, the effects 
of each of these factors on the spudcan resistance are investigated, with the purpose of 
identifying the significant factors affecting the spudcan resistance as well as the 
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potential for punch-through. The following set of parameters is used in the subsequent 
analyses, unless stated otherwise: B = 15 m, H/B = 0.5, E/cu = 400, cu1 = 100 kPa (non-
softening), cu2 = 50 kPa (non-softening), γ1′ = 8.5 kN/m3, γ2′ = 7 kN/m3, fully-rough 
spudcan surface, and simplified spudcan geometry in Figure 5.2(a).  
5.6.1 Effects of H/B 
Figure 5.21 shows the load-penetration curves for H/B from 0.1 to 1, which 
encompasses the expected range in practice (see Section 2.2). In this series, H is 
increased from 1.5 m to 15 m, while B is constant at 15 m. It is seen that a decrease in 
H/B results in a decrease in the potential for punch-through. The load-penetration 
curve changes from a ‘post-peak reduction’ profile to a ‘monotonic increase’ profile 
with decreasing H/B. This is consistent with the experimental findings presented in 
Section 4.2.2.  
Where a peak resistance exists, larger H/B gives larger peak resistance. In practice, the 
potential for punch-through also depends on the ratio of the peak resistance to the 
design preload pressure of the spudcan. If the peak resistance is significantly larger 
than the preload pressure, the peak resistance is unlikely to be mobilised during the 
preload stage, making punch-through unlikely. Hence if the upper layer is sufficiently 
thick, the potential for punch-through may also decrease.  
5.6.2 Effects of cu2/cu1 
Figure 5.22 shows the load-penetration curves for cu2/cu1 ranging from 0.25 to 1. In 
this series, cu1 is varied from 50 kPa to 200 kPa, within the expected range in practice 
(see Section 2.2), while cu2 is fixed at 50 kPa. It is seen that a decrease in cu2/cu1 results 
in an increase in the potential for punch-through. The load-penetration curve changes 
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from a ‘monotonic increase’ profile to a ‘post-peak reduction’ profile with decreasing 
cu2/cu1. This trend is consistent with Hossain & Randolph (2010b)’s findings.    
cu2/cu1 also has significant effects on the soil deformation patterns during the spudcan 
penetration. Figure 5.23 compares the patterns for cu2/cu1 = 0.25 and 0.67. At shallow 
penetration, D/B = 0.05 (Figure 5.23(a)), the smaller cu2/cu1 shows punching failure in 
the crust layer with a near-vertical failure surface originating from the spudcan 
circumference; whereas the larger cu2/cu1 indicates general or local shear failure 
usually associated with failure in single-layer soil. This trend is consistent with 
Hossain & Randolph (2010a)’s experimental observations. At deeper penetration, D/B 
= 0.5 (Figure 5.23(b)), the smaller cu2/cu1 shows a thicker crust plug beneath the 
spudcan as well as deeper extent of soil deformation than the other case, which could 
be explained as follows. In the smaller cu2/cu1 where the soft clay layer is significantly 
weaker than the crust layer, the restraining effects of the crust layer are considerable 
and hence the soil flow in the vicinity of the spudcan is dominated by downward 
movements with very little upward heaving. As a result, the soil deformation 
propagates deep into the soft clay layer. On the other hand, in the larger cu2/cu1, the 
relatively smaller restraining effects of the crust layer allows greater amount of 
upward soil flow in the vicinity of the spudcan, which in turn causes more heaving in 
the crust layer near the spudcan as evident in the figure. The upward soil flow also 
allows more crust material to be squeezed out of the crust plug, thereby reducing the 
thickness of the plug.  
5.6.3 Effects of γ1′/γ2′ 
Based on the field data reported by Castleberry & Prebaharan (1985), γ1′/γ2′ could vary 
from 1 to 1.5. Figure 5.24 shows the load-penetration curves for this range of γ1′/γ2′, 
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where γ2′ = 7 kN/m3 and H/B = 1. H/B = 1 is chosen here (instead of 0.5 in the 
previous series) so as to increase the effects of γ1′/γ2′ on the load-penetration response. 
The difference in the results are seen to be less than 10% as the effects of varying the 
soil weight (and hence soil surcharge) are small compared to the resistance due to the 
strength of the soil. As such, the effects of γ1′/γ2′ on the load-penetration response are 
considered to be small. 
5.6.4 Effects of cu2/(γ2′B) 
Figure 5.25 shows the load-penetration curves for cu2/(γ2′B) from 0.19 to 0.95. This 
range of cu2/(γ2′B) is obtained by varying cu2 from 20 kPa to 100 kPa, while keeping 
cu2/cu1 ratio at 0.5 and other parameters same as before. A decrease in cu2/(γ2′B) results 
in larger spudcan resistance as well as smaller depth of initiation of soil backflow (Dbf), 
as marked in the figure. It is seen from the load-penetration curves that before the 
initiation of soil backflow, smaller cu2/(γ2′B) reduces the potential for punch-through. 
This is because when cu2/(γ2′B) is smaller, the contribution of soil surcharge (γ2D) 
towards the spudcan resistance is larger relative to that of the soil strength (cu2). As the 
surcharge increases monotonically with penetration depth, the greater contribution of 
the surcharge would in turn decrease the potential for punch-through. This effect 
however would not remain after soil backflow has occurred. After the initiation of soil 
backflow, the soil mass filling on top of the spudcan would negate the increase in the 
surcharge during the penetration. Hence the effects of the surcharge on the potential 
for punch-through would no longer be significant. This could explain the lack of clear 
trends in the potential for punch-through with cu2/(γ2′B) after the initiation of soil 
backflow.  
5.6.5 Effects of strain-softening behaviour of crust material 
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As reviewed in Section 2.5, Hossain & Randolph’s (2010b) study assumes that the soil 
is always elastic-perfectly plastic, i.e. non-softening. On the other hand, clay crusts in 
practice may exhibit strain-softening material behaviour as measured from triaxial 
tests. In this Section, the effects of such strain-softening material behaviour on the 
spudcan load-penetration response in two-layer clay are presented. 
A simple model shown in Figure 5.26(a) is used to represent the strain-softening 
behaviour of the crust material. This model is similar to the one used in Section 5.5.3, 
in which the soil strength is varied with respect to the equivalent plastic strain (εp). 
This model consists of three parameters: 1,u pc  = peak (initial) strength, α = ratio of 
‘softened’ strength to peak strength, and β = equivalent plastic strain where ‘softened’ 
strength is first mobilised. For simplicity, β is divided into two equal halves: in the 
first half (0 ≤ εp < β/2), the strength remains constant at 1,u pc ; and in the second half 
(β/2 ≤ εp < β), the strength decreases linearly from 1,u pc  to 1,u pcα . Subsequently, the 
strength is assumed to remain constant at 1,u pcα  for εp ≥ β. In a triaxial test condition, 
this model gives the simulated stress-strain behaviour shown in Figure 5.26(b). α and β 
may hence be considered as some measures of brittleness of a material. A larger α and 
a smaller β may imply more brittle material.      
Figures 5.27 and 5.28 show the load-penetration curves for strain-softening crust 
material for H/B = 0.5 and 1, respectively. 1,u pc  is assumed to be 100 kPa, and α is 
varied from 0.75 to 0.5, β from 2% to 20%. A maximum β of 20% is chosen here as it 
approximately corresponds to the maximum axial strains measured in typical triaxial 
tests following BS1377-8 (1990). The soft clay layer is always assumed to be non-
softening with cu2 = 20 kPa. Other parameters are as listed in the figures. Also 
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included in each figure are two limiting curves corresponding to 1) non-softening crust 
material with strength of 1,u pc , and 2) non-softening crust material with strength of 
1,u pcα , respectively. For convenience, these two curves are referred to hereafter as 
‘lower limit’ and ‘upper limit’ curves respectively. It is seen from each figure that, 
compared to the ‘lower limit’ curve, the strain-softening crust material may give 
significantly larger spudcan resistance at shallow penetration depths where D/B is less 
than approximately 0.5. At larger penetration depths, the curves for the strain-
softening material are very close to the ‘lower limit’ curve, with differences less than 
5%. Hence the curves for the strain-softening material tend to approach the ‘lower 
limit’ curve with increasing penetration depth. This is not surprising as the peak 
strength of the material becomes less important with increasing plastic strain during 
the penetration.  
For β ≤ 5%, the difference between the curves for the strain-softening material and the 
‘lower limit’ curve is seen to be generally less than 10%. In particular, for β = 2%, the 
curves for the strain-softening material nearly match the ‘lower limit’ curve. This 
implies that, for β ≤ 5% (and α as low as 0.5), the strain-softening crust material may 
be simply approximated by an equivalent non-softening crust material with strength 
equal to 1,u pcα . For β > 5% however, the difference between the curves for the strain-
softening material and the ‘lower limit’ curve may be as high as 50%, and so the above 
approximation may no longer be tenable. The curves for the strain-softening material 
show a greater potential for punch-through than the ‘lower limit’ curve, and hence the 
use of the latter curve may not be conservative. On the other hand, the ‘upper limit’ 
curve may significantly overestimate these curves, but otherwise gives a conservative 
estimate of the potential for punch-through. 
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It is also noteworthy that, comparing Figure 5.27(a) with (b) or Figure 5.28(a) with (b), 
the effects of β on the load-penetration response are more significant when α is smaller 
as they are magnified by the larger potential softening of the crust strength. The effects 
of β are also more significant for larger H/B (compare Figures 5.27 and 5.28) as 
greater proportion of the spudcan resistance is attributed to the strain-softening crust 
layer (rather than the non-softening soft clay layer). 
Figure 5.29 shows the comparison of soil deformation patterns between the strain-
softening and the non-softening crust material at D/B = 0.05. The strain-softening crust 
material with α = 0.5 (Figure 5.29(a)) shows clear rupture surface propagating 
vertically downwards from the spudcan circumference. On the other hand, the non-
softening crust material (Figure 5.29(c)–(e)) shows a wider shear zone spreading out 
from the spudcan circumference where soil displacements decrease rather gradually in 
the x-direction with no visible rupture surface. The strain-softening material with α = 
0.75 (Figure 5.29(b)) shows deformation patterns somewhat in between: the shear 
zone is narrower than in the non-softening case but with no visible rupture surface. 
Hence the strain-softening behaviour of the crust material tends to produce localised 
failure zone; the strength reduction tends to cause failure to propagate in a narrow 
zone where the strength has become lower than in the outside region. Figure 5.30 
shows the corresponding deformation patterns at D/B = 0.5. Similar effects of the 
strain-softening material behaviour could be observed. The rupture in the case of the 
strain-softening material with α = 0.5 also results in a thicker crust plug and more 
localised indentation in the soft clay layer than in the other cases, leading to deeper but 
narrower extent of deformation in the soft clay layer.  
Figure 5.31 shows the corresponding contour plots of the equivalent plastic strain (εp). 
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At D/B = 0.05 (Figure 5.31(a)), the zone of plastic strain is narrower and deeper in the 
strain-softening crust material than in the non-softening material, which is consistent 
with the deformation patterns in Figure 5.29(a). The plastic strains are also larger in 
the strain-softening material owing to its narrower shear zone. At D/B = 0.5 (Figure 
5.31(b)), the plastic strains in the shear zone in the crust layer have increased to an 
average value greater than 0.5, with maximum values of between 3 to 6 depending on 
the degree of strain-softening of the material. These strains are significantly higher 
than the range of β considered in the present analysis. Hence the average mobilised 
strength in the strain-softening material is expected to be close to the ‘softened’ value 
1,( )u pcα . This explains the small difference in the load-penetration response between 
the strain-softening material and the non-softening material with strength of 1,u pcα  in 
Figures 5.27 and 5.28 for D/B ≥ 0.5.    
5.7 Summary 
This Chapter presents numerical analysis of spudcan penetration in two-layer clay 
considering the range of parameters likely encountered in practice. The main 
contributions of the present analysis beyond the findings of Hossain & Randolph 
(2010b) are summarised as follows. 
(a)  The validity of the present Eulerian finite element model is tested using the 
experimental data from Hossain & Randolph (2010a; 2010a)’s study as well as the 
present study. The model is shown to give reasonably good predictions of load-
penetration response, with errors generally less than 15% in comparison with the 
experimental data. The simulated soil deformation patterns are also consistent with 
the experimental observations.  
Chapter 5 Numerical Analysis of Spudcan Penetration in Two-Layer Clay  
 
144
(b) Strain-softening behaviour of the crust material is analysed using a simple model 
that allows the strength of the material to be varied with respect to the equivalent 
plastic strain. The model consists of three parameters: 1,u pc  (peak strength), α (ratio 
of ‘softened’ strength to peak strength), and β (equivalent plastic strain where 
‘softened’ strength is first mobilised). It is shown that compared to the response of 
non-softening material with strength of 1,u pcα  (referred to as the ‘lower limit’ 
curve), the load-penetration curves for the strain-softening material tend to 
approach the ‘lower limit’ curve with increasing penetration depth. For β ≤ 5% 
(and α as low as 0.5), the difference between the curves for the strain-softening 
material and the ‘lower limit’ curve is seen to be generally less than 10%. This 
implies that, for β ≤ 5%, the strain-softening crust material may be simply 
approximated by an equivalent non-softening crust material with strength equal to 
1,u pcα . For β > 5% however, the difference between the curves for the strain-
softening material and the ‘lower limit’ curve may be as high as 50%, and so the 
above approximation may no longer be tenable. The curves for the strain-softening 
material show greater potential for punch-through than the ‘lower limit’ curve, and 
hence the use of the latter curve may also be not conservative in practice. On the 
other hand, the ‘upper limit’ curve may significantly overestimate these curves, but 
otherwise gives a conservative estimate of the potential for punch-through. The 
effects of the strain-softening behaviour on the soil failure patterns during spudcan 
penetration are also analysed. Failure in the strain-softening material tends to 
propagate in a narrower shear zone that extends deeper into the crust layer than in 
the non-softening material. 
In addition to the above main contributions, the following useful findings are also 
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obtained from the present parametric studies.   
(1) For 0.1 ≤ H/B ≤ 1, a decrease in H/B is shown to reduce the potential for punch-
through, possibly resulting in a change from a ‘post-peak reduction’ to a 
‘monotonic increase’ load-penetration profile, which is consistent with the present 
experimental findings in Chapter 4.  
(2) An increase in cu2/cu1 is shown to reduce the potential for punch-through. Like in 
the case of H/B, the load-penetration curve changes from a ‘post-peak reduction’ 
profile to a ‘monotonic increase’ profile with increasing cu2/cu1. cu2/cu1 also has 
significant effects on the soil deformation patterns during the spudcan penetration: 
a) small cu2/cu1 tends to produce punching failure in the crust layer whereas large 
cu2/cu1 tends to produce general or local shear failure; and b) smaller cu2/cu1 
produces a thicker crust plug beneath the spudcan as well as deeper extent of soil 
deformation. 
(3) A decrease in cu2/(γ2′B) is shown to give larger spudcan resistance as well as 
smaller depth of initiation of soil backflow (Dbf). During the initial penetration up 
to Dbf, smaller cu2/(γ2′B) gives lower potential for punch-through. Beyond Dbf, 
however, cu2/(γ2′B) does no longer have significant effects on the potential for 
punch-through. 
 

















Figure 5.2. Simplified spudcan geometries used in present numerical study based on (a) 
present centrifuge tests, or (b) Hossain & Randolph (2010a)’s centrifuge tests  




Figure 5.3. Tresca and von Mises yield criteria on deviatoric plane 
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Figure 5.4. Comparison of load-penetration response between Tresca and von Mises 
models 
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Figure 5.6. ‘Mesh 1’ and ‘Mesh 2’ 
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Figure 5.8. Effects of radial extent of model domain on load-penetration response 
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Figure 5.10. Effects of spudcan base inclination angle on load-penetration response  
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Figure 5.12. Effects of E/cu on load-penetration response 
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Figure 5.13. Comparison between present numerical results and existing bearing 
capacity solutions for circular rough-based footing on single-layer weightless clay  
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Figure 5.14. Comparison between present numerical results and Hossain & Randolph 
(2010a; 2010b)’s experimental data for spudcan penetration in two-layer clay 
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Figure 5.15. Numerical model for strain-softening behaviour of crust material in 
present experimental work 
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Figure 5.16. Comparison between numerical and experimental results for Tests F2, 
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Figure 5.17. Comparison between numerical and experimental results for Test H2 (H/B = 0.40) assuming spudcan is rough   
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Figure 5.18. Comparison between numerical and experimental results for Test H2 (H/B = 0.40) assuming spudcan is smooth   

























































































(a) D/B = 0.05 (b) D/B = 0.2 (c) D/B = 0.4 
Figure 5.19. Comparison between numerical and experimental results for Test H1 (H/B = 0.14) assuming spudcan is rough   
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Figure 5.21. Effects of H/B on load-penetration response 
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Figure 5.22. Effects of cu2/cu1 on load-penetration response 
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(b) D/B = 0.5 
Figure 5.23. Soil deformation patterns for different cu2/cu1   
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Figure 5.25. Effects of cu2/(γ2′B) on load-penetration response 
 













Figure 5.26. (a) Strain-softening model for crust material, and (b) simulated stress-
strain behaviour in triaxial test condition 
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(a) α = 0.75 
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(b) α = 0.5 
Figure 5.27. Effects of strain-softening parameters on load-penetration response for 
H/B = 0.5 
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(b) α = 0.5 
Figure 5.28. Effects of strain-softening parameters on load-penetration response for 
H/B = 1   
  
 





























































































(a) (b) (c) (d) (e) 
Figure 5.29. Soil deformation patterns for different strain-softening parameters at D/B = 0.05 
Strain softening; cu1,p = 100 kPa; 
α = 0.5; β = 5% 
Strain softening; cu1,p = 100 kPa; 
α = 0.75; β = 5% Non-softening; cu1 = 100 kPa Non-softening; cu1 = 50 kPa Non-softening; cu1 = 75 kPa 
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(a) (b) (c) (d) (e) 
Figure 5.30. Soil deformation patterns for different strain-softening parameters at D/B = 0.5 
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(b) D/B = 0.5 
Figure 5.31. Contours of εp for different strain-softening parameters 
Strain softening; cu1,p = 100 kPa; 
α = 0.5; β = 5% 
Strain softening; cu1,p = 100 kPa; 
α = 0.75; β = 5% Non-softening; cu1 = 100 kPa 
B = 15 m 
H/B = 1 
cu2 = 20 kPa 
γ1′ = 8.5 kN/m3 
γ2′ = 7 kN/m3  
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Chapter 6 Design Method for Estimating Spudcan Load-Penetration 
Response in Two-Layer Clay  
6.1 Introduction 
As reviewed in Section 2.6.1, SNAME (2002)’s guideline for estimating spudcan load-
penetration response in two-layer clay is widely used in practice. However, owing to 
its assumption of wished-in-place spudcan, it tends to underestimate the spudcan 
resistance during the penetration and overestimate the potential for punch-through. A 
recent design method by Hossain & Randolph (2009a) aims to provide improved 
solutions based on more rigorous numerical penetration analysis without the need to 
assume wished-in-place spudcan. However, this method has been shown to give 
potentially erroneous solutions for lower values of H/B, as well as potentially 
inaccurate predictions of initiation of soil backflow for cases with uniform-strength 
lower-layer clay. 
This Chapter aims to propose an improved design method for estimating spudcan load-
penetration response in two-layer clay. Unlike Hossain & Randolph (2009a)’s design 
method which is primarily based on curve-fitting procedures (see Section 2.6.2), the 
present design method is developed using the concepts of the standard bearing 
capacity theory for foundations in clay. This Chapter also compares the performance 
of the proposed design method against the existing methods using extensive 
experimental and field case histories. As in the numerical analysis presented in 
Chapter 5, the proposed design method is limited to cases where the soil strength is 
uniform in each clay layer. 
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6.2 Design method 
6.2.1 Limiting cavity depth 
Experimental observations in Section 4.4.4 show that the cavity above the spudcan 
eventually reaches a stable (constant) state after the initiation of soil backflow. The 
average depth of this stable cavity is referred to as the limiting cavity depth ds. The 
limiting cavity depth may be used to estimate the weight of soil resting on the top of 
the spudcan after the initiation of soil backflow, and will be used in the design 
solutions for spudcan load-penetration response to be presented later. The 
experimental observations in Section 4.4.4 also shows that the limiting cavity depth is 
approximately equal to the depth of the initiation of soil backflow. 
The limiting cavity depth may be affected by the same factors that affect the spudcan 
resistance in general. From the parametric studies presented in Section 5.6, the main 
factors affecting the spudcan resistance are H/B, cu2/cu1, and cu2/(γ2′B). To obtain the 
effects of these factors on the limiting cavity depth, numerical tests of spudcan 
penetration in two-layer clay as listed in Table 6.1 are conducted. In these tests, the 
spudcan is rough, and its (simplified) geometry is given in Figure 5.2(a). The soil is 
elastic-perfectly plastic (non-softening) Tresca material, and its elastic modulus is 400 
times the soil strength. In each test, the spudcan penetration is advanced until the 
cavity depth reaches an approximately constant value. The limiting cavity depth (ds) is 
then simply taken to be the distance between the initial (undeformed) soil surface and 
the deformed surface at a radial distance of B/4 from the axis of symmetry, as 
illustrated in Figure 6.1. This procedure of estimating ds is consistent with that used 
earlier in the centrifuge tests (Section 4.4.4). The values of ds from the numerical tests 
are listed in Table 6.1. 
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In single-layer clay, Hossain & Randolph (2005) have shown that the normalised 
limiting cavity depth ds/B is given by (cu/(γ′B))0.55, where cu and γ′ are the clay’s 
undrained strength and submerged unit weight respectively. In two-layer clay, as 
reviewed in Section 2.6.2, Hossain & Randolph (2009a) have shown that if the upper 
layer is thick enough such that the limiting cavity depth is less than the layer thickness, 









, for H/B ≥ (cu1/(γ1′B))0.55.         (6.1) 
Figure 6.2 shows the limiting cavity depths from the present numerical tests as well as 
Hossain & Randolph (2010a; 2010b)’s experimental and numerical tests for cases 
where H/B ≥ (cu1/(γ1′B))0.55. The prediction by Equation 6.1 is seen to be in reasonable 
agreement with most data points, although it tends to underestimate the present 
numerical data and Hossain & Randolph (2010a)’s experimental data. This tendency 
to underestimate could be because, as noted by Hossain & Randolph (2010b), the 
presence of the underlying soft layer tends to attract downward soil flow rather than 
backflow in the upper strong layer, thereby delaying the initiation of backflow. The 
delayed backflow in turn leads to larger limiting cavity depth than would be in the case 
of single-layer clay. It is worth noting that the underestimation of Equation 6.1 is 
conservative for the prediction of the spudcan load-penetration response as it would 
lead to an overestimate of the weight of soil resting on the top of the spudcan and so 
an underestimate of the spudcan resistance (see Section 6.2.2). 
For the other cases where H/B < (cu1/(γ1′B))0.55, the limiting cavity depths from the 
present tests and Hossain & Randolph (2010a; 2010b)’s tests are presented in Figures 
6.3(a) and (b), respectively. For the present experimental tests, the strength of the 
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strain-softening crust material is assumed to be equal to its post-rupture strength, i.e. 
cu1 = 52 kPa. This is because for this material, α = 0.62 and β = 1.6% (see Sections 
5.5.3 and 5.6.5), and based on the numerical analysis in Section 5.6.5, this material 
would give approximately the same spudcan load-penetration response as in the case 
of a non-softening material with cu1 = 52 kPa. It is seen from Figures 6.3(a) & (b) that 
the limiting cavity depths are all larger than the thickness of the upper layer. The 
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, for H/B < (cu1/(γ1′B))0.55.    (6.2)  
Equation 6.2 is plotted in Figures 6.3(a) & (b), and is seen to give reasonable 
agreement with the data points with errors generally less than 15%. For the special 
case of cu1 = cu2 and γ1′ = γ2′, this equation can be shown to be equal to Equation 6.1, 
giving the same solution as would be in the case of single-layer clay. For the general 
cases of cu1 ≠ cu2 and γ1′ ≠ γ2′, the term (cu2/(γ2′B))0.55 on the left of the inequality sign 
(“≥”) would give the same limiting cavity depth as in the case of single-layer clay with 
cu = cu2 and γ′ = γ2′. This term would govern when the upper layer is sufficiently thin 
such that it does not affect the limiting cavity depth, which depends solely on the 
properties of the lower-layer clay. It might be argued that a submerged unit weight 
whose value is between γ1′ and γ2′ should be used in place of γ2′ in the above term (as 
the soil above the spudcan level at the initiation of soil backflow is composed of both 
upper- and lower-layer clay). This error however is expected to be small given the 
likely small difference between γ1′ and γ2′ in practice, and hence γ2′ is deemed to be a 
sufficient approximation here. The term H/B+0.4(1−cu2/cu1) on the right of the 
inequality sign gives the minimum limiting cavity depth taking into account the upper-
layer thickness and the strength ratio (cu2/cu1) between the two layers. This term would 
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govern when the upper layer is thick enough such that it delays the initiation of soil 
backflow in the lower layer, resulting in a larger limiting cavity depth than in the case 
of single-layer clay (with cu = cu2 and γ′ = γ2′). This delay could be attributed to the 
shear resistance provided by the underside of the upper strong layer against soil 
backflow in the lower layer. It could be seen that when cu2/cu1 decreases, this ‘delay 
effect’ becomes more significant as the minimum limiting cavity depth becomes larger 
(Equation 6.2).   
Also plotted in Figures 6.3(a) & (b) are Hossain & Randolph (2009a)’s predictions as 
given by Equation 2.11. Hossain & Randolph (2009a)’s predictions are seen to give 
poorer agreement with the data points in comparison with Equation 6.2. The 
predictions also erroneously drop to zero at H/B = 0 regardless of the properties of the 
lower clay layer, which is inconsistent with the data points.  
6.2.2 Spudcan load-penetration response 
The spudcan resistance during penetration in weightless two-layer clay (γ1′ = γ2′ = 0) is 
considered first. The strength of the clay layers are assumed to be non-softening. It can 
be shown from dimensional analysis that the spudcan resistance may be given by a 











,         (6.3) 
where q0 is the spudcan resistance in weightless two-layer clay. Comparing Equations 
6.3 and 5.2, it could be seen that it is significantly simpler to obtain the spudcan 
resistance in weightless clay rather than in clay with self-weight. Equation 6.3 can be 
rewritten as 
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0 1 *u cq c N= ,            (6.4) 
where Nc* is a dimensionless factor which depends on D/B, H/B and cu2/cu1. Nc* is 
analogous to the standard bearing capacity factor “Nc” for shallow foundations in 
single-layer clay. In the present study, Nc* is obtained from numerical analysis of 
spudcan penetration in weightless two-layer clay using the same assumptions as in 
Section 6.2.1: rough spudcan with (simplified) geometry as in Figure 5.2(a); elastic-
perfectly plastic Tresca soil; and soil elastic modulus equal to 400 times soil strength. 
The Nc* values are presented graphically in Figure 6.4 for 0 ≤ D/B ≤ 2, 0.1 ≤ H/B ≤ 1, 
and 0.2 ≤ cu2/cu1 ≤ 0.8. These ranges are expected to cover most cases in practice. 
Earlier analysis in Sections 5.4.6, 5.5.2 and 5.5.3 have shown that spudcan roughness 
has small effects on the spudcan resistance, and hence these values may give 
reasonable estimates for smooth spudcan as well. 
The effects of soil weight are accounted for by adding in Equation 6.4 a surcharge 
term representing overburden pressure at the spudcan level. This approach would give 
an equation that is analogous to the standard bearing capacity for shallow foundations 
in single-layer clay “qu = cuNc + γ′D” (where cu = undrained strength of clay, Nc = 
bearing capacity factor for single-layer clay, γ′ = submerged unit weight of clay, and D 
= depth of foundation). For spudcan penetration in two-layer clay, the surcharge is 
estimated assuming a series of deformed soil geometry during the penetration based on 
the experimental observations in Section 4.4, as illustrated in Figure 6.5. In this figure, 
for simplicity, the spudcan is drawn with a flat base and a flat top side. During the 
penetration, the initiation of soil backflow is assumed to occur when the spudcan depth 
is equal to the limiting cavity depth (ds) according to the experimental observations in 
Section 4.4.4.  
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During initial penetration up to the initiation of soil backflow (D ≤ ds), the surcharge is 
simply given by the overburden pressure at the side of the spudcan. The overburden 
pressure is calculated by multiplying the soil submerged unit weight with the height of 
soil above the spudcan level, which is assumed for simplicity to be equal to the 
spudcan penetration depth D. Hence the soil surface is assumed to remain at the 
original level; soil heave at the surface is ignored. Based on the experimental 
observations in Section 4.4, this assumption is expected to underestimate the 
overburden pressure by less than 5%. Hence the total spudcan resistance during 
penetration in two-layer clay (with self-weight) before the initiation of soil backflow 
may be given as follows. For D ≤ ds, 
1 1*u cq c N Dγ ′= + , if D ≤ H;        (6.5) 
( )1 1 2*u cq c N H D Hγ γ′ ′= + + − , if D > H;         (6.6)  
where q is the spudcan resistance during penetration in two-layer clay (with self-
weight). ds could be obtained from Equations 6.1 and 6.2. Nc* could be obtained from 
Figure 6.4, and linear interpolation may be assumed for Nc* values not presented 
therein. In these equations, the effects of the inclination of the spudcan base on the 
surcharge term are ignored as they are expected to be insignificant.  
After the initiation of soil backflow (D > ds), the spudcan may be covered by the 
‘backfilled’ soil mass as the depth of the cavity above the spudcan is limited to ds. This 
soil mass counterbalances the additional surcharge on the side of the spudcan, and 
hence the net surcharge reaches a constant value. Hence the total spudcan resistance 
during penetration in two-layer clay (with self-weight) after the initiation of soil 
backflow may be given as follows. For D > ds,  
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1 1 1 1 1* / *u c s u cq c N d V A c N Dγ γ γ′ ′ ′= + + ≤ + , if ds ≤ H;      (6.7) 
1 1 2 2 1 1 2* ( ) / * ( )u c s u cq c N H d H V A c N H D Hγ γ γ γ γ′ ′ ′ ′ ′= + + − + ≤ + + − , if ds > H; (6.8) 
where V is the volume of the spudcan, and A is the maximum horizontal cross-
sectional area of the spudcan. The term γ1′V/A or γ2′V/A represents the pressure due to 
the weight of soil being displaced by the spudcan. The maximum limit on the right 
side of the inequality sign accounts for the delayed formation of the ‘backfilled’ soil 
mass due to the volume of the spudcan. This is because the spudcan depth would need 
to be greater than ds plus the thickness of the spudcan (≈ V/A) before the soil mass may 
flow onto the top of the spudcan. This limit hence would only govern during the short 
interval of ds < D < ds+V/A.  
Equations 6.5 to 6.8 may hence be used to estimate the entire spudcan load-penetration 
response during penetration in two-layer clay. The present design method differs from 
Hossain & Randolph (2009a)’s design method in the following fundamental respect. 
While Hossain & Randolph (2009a)’s method is primarily based on curve-fitting 
procedures (see Section 2.6.2), the present method is based on the concepts of the 
standard bearing capacity theory which account for the underlying physical 
mechanisms. As such, the present method has a stronger physical basis and so is 
considered to be more robust than Hossain & Randolph (2009a)’s method. 
It is worth noting that the present design method assumes non-softening strength for 
the clay layers. For applications to cases where the crust material is strain-softening, 
the findings from numerical analysis in Section 5.6.5 could be applied. It has been 
shown that, for β ≤ 5% (with α as low as 0.5), the strain-softening material with peak 
strength of cu1,p could be approximately represented by a non-softening material with 
strength equal to the ‘softened’ strength (i.e. cu1 = αcu1,p), as the resulting errors in 
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load-penetration response are generally less than 10%. On the other hand, for β > 5%, 
such representation could not be applied as the resulting errors have been shown to be 
as high as 50%. For β > 5%, the present design method could at best only give the 
upper and lower limits of the load-penetration response by assuming cu1 = cu1,p and cu1 
= αcu1,p respectively. Independent numerical analyses with strain-softening materials 
such as in Chapter 5 may be needed to obtain more accurate solutions. 
An alternative design method may be developed by quantifying analytically the shear 
resistance associated with the soil failure mechanisms with respect to spudcan 
penetration depth. This would involve analytical estimation of the shear resistance 
around the soil plug or along the shear surfaces within the soil mass at different 
penetration depths. Attempts have been made in the present study to achieve this. 
These attempts however have not been successful owing to the complexity in 
estimating the soil failure mechanisms and the soil deformed geometry with respect to 
the spudcan penetration depth for different parameters such as H/B, cu2/cu1, and 
cu2/(γ2’B). Instead, in the present study the spudcan load-penetration response is 
estimated using the numerically-obtained dimensionless factor Nc* and the surcharge 
term representing the effects of cavity above the spudcan. This approach, while 
simplified, will be shown to give satisfactory performance in comparison with the 
experimental and the field data. 
6.3 Comparisons with existing data 
6.3.1 Hossain & Randolph (2010a; 2010b)’s experimental data 
The present design method’s predictions are compared with Hossain & Randolph 
(2010a; 2010b)’s experimental data for ‘Case 1’ to ‘Case  4’ shown in Figure 5.14. 
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The parameters for these cases have been described in Section 5.5.2. Numerical 
simulations of spudcan penetration for these cases have also been conducted in the 
present study, whose results have been presented in Figure 5.14. These results are 
referred to herein as ‘present FE results’. It is worthwhile to check whether the 
predictions by the present design method are consistent with the ‘present FE results’. 
The ‘present FE results’ for the case of rough spudcan (Figure 5.14) are re-plotted 
alongside the predictions by the present design method in Figure 6.6. The two load-
penetration curves are seen to be in good agreement, with errors generally less than 
5%. This implies that the simplifying assumptions used in the present design method 
as described in Section 6.2 have not resulted in significant errors. The comparisons 
between the experimental data and the predictions by the present method are also 
shown in Figure 6.6. The present method is seen to estimate the data reasonably well, 
with errors generally less than 15%.  
Also shown in Figure 6.6 are the corresponding predictions by Hossain & Randolph 
(2009a)’s as well as SNAME (2002)’s design methods. Hossain & Randolph (2009a)’s 
method is seen to give rather odd-shaped load-penetration curves. This is attributed to 
the use of different curve-fitted equations for different segments of the load-
penetration curve in Hossain & Randolph (2009a)’s method. However, the magnitudes 
of the curves are generally close to the present method’s predictions. SNAME (2002)’s 
method, as reviewed in Section 2.6.1, may only give a load-penetration curve up to the 
depth equal to the thickness of the upper clay layer. SNAME (2002)’s predictions are 
lower than the present method’s as well as Hossain & Randolph (2009a)’s predictions, 
but are in reasonable agreement with the experimental data.  
6.3.2 Present experimental data 
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The present design method’s predictions are also compared with the experimental data 
from ‘Series 1’ tests as presented in Section 4.2.2. For these tests, the strength of the 
strain-softening crust material is assumed to be equal to its post-rupture strength, i.e. 
cu1 = 52 kPa. This is because for this material, α = 0.62 and β = 1.6% (refer to Sections 
5.5.3 and 5.6.5), and based on the numerical analysis in Section 5.6.5, this material 
would give approximately the same spudcan load-penetration response as in the case 
of a non-softening material with cu1 = 52 kPa. Figure 6.7 shows the comparison 
between the experimental data and the present method’s predictions for Tests F2, F4, 
F5 and F6. Good agreement is seen between them, with errors generally less than 15%. 
The present method also gives good estimation of the potential for punch-through. The 
results from the numerical simulation for these tests as presented earlier in Figure 5.16 
are also re-plotted in Figure 6.7 (denoted as ‘present FE results’). Again the present 
method gives reasonably close estimates of the ‘present FE results’, signifying that the 
errors due to the simplifying assumptions in the present method are small and tolerable.  
The predictions by Hossain & Randolph (2009a) as well as SNAME (2002) are also 
shown in Figure 6.7. Hossain & Randolph (2009a)’s predictions for Test F2 (H/B = 
0.16) are generally lower than the present method’s as well as the experimental data. 
This could be due to the errors associated with Hossain & Randolph (2009a)’s method 
at lower H/B values as discussed in Section 2.6.2. For the other tests (Tests F3b, F4, 
F5 & F6), Hossain & Randolph (2009a)’s predictions are comparable to the present 
method’s, except that they tend to peculiarly show significant decrease in resistance 
with depth at H/B > 1. SNAME (2002)’s method, on the other hand, tends to 
underestimate the spudcan resistance and overestimate the potential for punch-through 
in comparison with the experimental data. In particular, for Test F2, SNAME (2002)’s 
prediction shows reduction in spudcan resistance with penetration depth, whereas the 
Chapter 6 Design Method for Estimating Spudcan Load-Penetration Response in Two-Layer Clay  
 
182
experimental data show monotonically-increasing resistance with depth. This 
inaccuracy could be attributable to the assumption of wished-in-place spudcan in 
SNAME (2002)’s method as discussed in Section 2.6.1.        
6.3.3 Field data reported by Kostelnik et al. (2007) 
The present method is also applied for a field case history reported by Kostelnik et al. 
(2007), in which a punch-through incident occurred at “Raya B” during the preloading 
stage. The spudcan diameter is 12.1 m. The reported soil strength profile shows an 
approximately 5.5-m-thick crust layer with a strength of approximately 50 kPa, 
overlying a soft clay layer with a strength of approximately 30 kPa. The crust layer is 
overlaid by an 8-m-thick soft normally-consolidated clay layer whose strength is less 
than 12 kPa. While this overlying soft clay may impose a surcharge on the crust layer 
during spudcan penetration, this effect is likely to be counterbalanced by the backflow 
of the soft clay onto the top of the spudcan. The overlying soft clay layer is thus 
ignored in the present analysis, and the soil profile is assumed to consist of two-layer 
clay with H/B = 0.45, cu1 = 50 kPa and cu2 = 30 kPa (hence cu2/cu1 = 0.6). The soil unit 
weights are not reported and are assumed herein to be: γ1′ = 8 kN/m3 and γ2′ = 7 kN/m3.  
Figure 6.8 shows the predicted load-penetration curve by the present method. The 
curve shows a peak resistance of approximately 350 kPa followed by a declining-
resistance profile. The measured resistance at punch-through is reported to be 367 kPa 
(Kostelnik et al., 2007). Hence the predicted peak resistance is in good agreement with 
the measured data with an error of about 5%. Figure 6.8 also shows the predicted load-
penetration curves by Hossain & Randolph (2009a)’s and SNAME (2002)’s methods. 
Hossain & Randolph (2009a)’s curve, despite its rather odd shape, also gives a peak 
resistance that is close to the measured data. SNAME (2002)’s prediction however 
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significantly underestimate the measured data by about 30%. 
6.4 Comparison for a test case with a low H/B value 
A test case with a low H/B value is analysed to show differences between the present 
design method and Hossain & Randolph (2009a)’s. As reviewed in Section 2.6.2, 
Hossain & Randolph (2009a)’s design method may give erroneous solutions for lower 
H/B values. In this test case, the following parameters are used: H/B = 0.1, B = 10 m, 
cu1 = 80 kPa, cu2 = 20 kPa, γ1′ = 8 kN/m3, and γ2′ = 6 kN/m3.  
Figure 6.9 shows the comparison between the present design method and Hossain & 
Randolph (2009a)’s as well as SNAME (2002)’s. The present design method gives 
spudcan resistance greater than 150 kPa throughout the penetration. The resistance 
reaches approximately constant values between D/B of 0.1 and 0.2, thereby indicating 
some potential for punch-through. Hossain & Randolph (2009a)’s method, however, 
gives significantly lower spudcan resistance, especially at D/B less than 0.1 where the 
predicted resistance erroneously drops to negative values. The method also predicts a 
lower potential for punch-through than the present method. SNAME (2002)’s method 
gives closer predictions to the present method than to Hossain & Randolph (2009a)’s, 
and as in the earlier comparisons, tends to overestimate the potential for punch-
through.               
6.5 Summary 
This Chapter presents a design method for estimating spudcan load-penetration 
response in two-layer clay with uniform strength in each layer. Equations for the 
spudcan resistance, i.e. Equations 6.5 to 6.8, are developed by considering a 
weightless term and a surcharge term, analogous to the standard bearing capacity for 
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shallow foundations in single-layer clay “qu = cuNc + γ′D”. The weightless term is 
given simply by cu1Nc*, where the solutions for Nc* are obtained numerically and 
given in a set of charts for 0 ≤ D/B ≤ 2, 0.1 ≤ H/B ≤ 1, and 0.2 ≤ cu2/cu1 ≤ 0.8. The 
surcharge term is obtained by assuming a series of deformed soil geometry during the 
penetration based on experimental observations. Equations for estimating the limiting 
cavity depths above the spudcan, i.e. Equations 6.1 and 6.2, are obtained by curve-
fitting experimental and numerical data from the present study as well as Hossain & 
Randolph (2010a; 2010b)’s studies. For cases where the limiting cavity depth is larger 
than the thickness of the upper clay layer (H/B < (cu1/(γ1′B))0.55), Equation 6.2 is shown 
to give better agreement with experimental and numerical data than Hossain & 
Randolph (2009a)’s corresponding predictions. 
In comparison with Hossain & Randolph (2009a)’s design method which is primarily 
based on curve-fitting procedures, the present method is based on the concepts of the 
standard bearing capacity theory which account for the underlying physical 
mechanisms. As such, the present method has a stronger physical basis and so is 
considered to be more robust than Hossain & Randolph (2009a)’s method. 
The predictions by the present design method are compared with the experimental data 
from Hossain & Randolph (2010a; 2010b)’s study and the present study, as well as 
with the field data reported by Kostelnik et al. (2007). The predictions are shown to be 
in reasonably good agreement with the experimental and the field data, with errors 
generally less than 15%. The present design method also gives generally better 
predictions than Hossain & Randolph (2009a)’s and SNAME (2002)’s methods.     
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Note: B = 15 m; γ1′ = 8.5 kN/m3; γ2′ = 7 kN/m3 
 











Figure 6.1. Measurement of limiting cavity depth (ds) 
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Figure 6.2. Comparison between Equation 6.1 and existing data for H/B ≥ 
(cu1/(γ1′B))0.55 
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Figure 6.3. Comparison of Equation 6.2 with data from (a) present tests, and (b) 
Hossain & Randolph (2010a; 2010b)’s tests, for H/B < (cu1/(γ1′B))0.55 
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(g)  (h) 
Figure 6.4.Dimensionless factor Nc* for spudcan penetration in two-layer clay 































(a)  (b) 
Figure 6.5. Estimation of surcharge term for cases where (a) soil backflow is initiated 
in upper layer (ds ≤ H), and (b) soil backflow is initiated in lower layer (ds > H) 
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Figure 6.6. Comparison of present design method with Hossain & Randolph (2010a; 
2010b)’s experimental data 
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Figure 6.7. Comparison of present design method with present experimental data 
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Figure 6.8. Comparison of present design method with field data reported by Kostelnik 
et al. (2007) 
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Figure 6.9. Comparison between design methods for a test case with a low H/B value 
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Chapter 7 Conclusions 
7.1 Summary of findings 
This thesis presents the results of centrifuge tests as well as numerical analysis of 
spudcan penetration in two-layer clay. The main contributions of the present study 
beyond the findings of Hossain & Randolph (2010a; 2010b) are summarised as 
follows.  
(a)  The measured spudcan load-penetration response is shown to change from one that 
exhibits post-peak reduction in load with penetration to one that exhibits 
monotonic increase in load with penetration when H/B decreases below a certain 
critical value. For ‘Series 1’ tests in this study, the critical value is approximately 
0.3. This implies that 1) the potential for punch-through decreases as the upper-
layer thickness decreases, and 2) there is a certain upper-layer thickness below 
which punch-through becomes improbable. 
(b)  The observed soil failure mechanisms during spudcan penetration for H/B between 
0.14 and 1.04 are similarly characterised by punching failure in the crust layer and 
the resultant trapping of a crust plug beneath the spudcan, coupled with local or 
punching shear failure in the soft clay layer. However, the horizontal and upward 
displacements in the soft clay decreases with larger H/B, which could be attributed 
to 1) decreasing distortion in the interface between the two clay layers for a given 
spudcan penetration depth, and 2) greater resistance provided by the thicker crust 
layers against heaving in the soft clay. The ratio of the final thickness of the crust 
plug to the original thickness of the crust layer (H) also decreases with larger H/B
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  (from 0.85 for H/B = 0.14 to 0.7 for H/B = 1.04). This decrease could be a result of 
the larger spudcan resistance generated by larger H/B, thereby causing greater 
vertical compression in the crust plug.  
(c)  The strength profile of the lower soft clay layer is shown to affect the soil failure 
mechanism during spudcan penetration in two-layer clay. The extent of soil 
deformation is shallower but wider in the soft clay layer with increasing strength 
with depth than in the soft clay layer with uniform strength. The increasing 
strength profile tends to provide greater resistance against downward soil flow, 
which in turn makes it easier for the soil to flow laterally. 
(d)  Numerical analysis of spudcan penetration in two-layer clay using Eulerian finite 
element method is shown to give reasonably good predictions of spudcan load-
penetration responses in comparison with the experimental data, with errors 
generally less than 15%. The simulated soil deformation patterns during spudcan 
penetration are also shown to be in good agreement with the experimental 
observations. 
(e)  The effects of strain-softening behaviour of the crust material on the spudcan load-
penetration response in two-layer clay are analysed using a simple model 
consisting of three parameters: 1,u pc  (peak strength), α (ratio of ‘softened’ strength 
to peak strength), and β (equivalent plastic strain where ‘softened’ strength is first 
mobilised). The analysis shows that, for β ≤ 5% (and α as low as 0.5), the strain-
softening crust may be approximated by an equivalent non-softening crust with 
strength equal to 1,u pcα , with generally less than 10% errors in the load-penetration 
response. On the other hand, for β > 5%, the strain-softening crust could not be 
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easily approximated by an equivalent non-softening crust. This is because 1) an 
equivalent non-softening crust with strength of 1,u pcα  would significantly 
underestimate the load-penetration response and the potential for punch-through; 
whereas 2) an equivalent non-softening crust with strength of 1,u pc  would 
significantly overestimate the load-penetration response and the potential for 
punch-through. The effects of the strain-softening behaviour on the soil failure 
patterns during spudcan penetration are also analysed. Failure in the strain-
softening crust tends to propagate in a narrower shear zone that extends deeper into 
the crust layer than in the non-softening crust.   
(f) A design method for estimating spudcan load-penetration response in two-layer 
clay is developed using the concepts of the standard bearing capacity theory. The 
proposed design method is based on the superposition of the spudcan resistance in 
weightless two-layer clay and the assumed soil surcharge during the spudcan 
penetration taking into account the effects of soil backflow. In comparison with 
Hossain & Randolph (2009a)’s design method which is primarily based on curve-
fitting procedures, the present method has a stronger physical basis and so is 
considered to be more robust. The proposed design method is shown to give 
reasonably good agreement with the experimental and the field data, with errors 
generally less than 15%. The proposed design method also generally gives better 
predictions than Hossain & Randolph (2009a)’s and SNAME (2002)’s design 
methods. 
In addition to the above main contributions, useful findings obtained in the present 
study are summarised as follows. 
Chapter 7 Conclusions 
 
200
(1)  Comparisons between the measured peak spudcan resistance in ‘Series 1’ tests and 
Brown & Meyerhof (1969)’s bearing capacity solution show good agreement 
between them if the strain-softening crust is characterised by the peak strength 
rather than the post-rupture strength. This is not surprising as Brown & Meyerhof 
(1969)’s solution is based on an experimental study where the strain-softening clay 
is characterised by the peak strength. On the other hand, the numerical bearing 
capacity solutions of Edwards & Potts (2004), Merifield & Nguyen (2006) and 
Hossain & Randolph (2009a) give better agreement if the crust is characterised by 
the post-rupture strength rather than the peak strength. This is because these 
numerical solutions assume perfectly-plastic material behaviour, and the post-
rupture strength is estimated to be closer to the mobilised average strength of the 
crust layer during spudcan penetration than the peak strength. 
(2)  Several modifications to Brown & Meyerhof (1969)’s solution are proposed to 
extend the use of the solution to two-layer clay with linearly-increasing cu2 with 
depth. These modifications are based on either a) the substitution of the theoretical 
bearing capacity solution for single-layer clay of linearly-increasing strength for 
the second term in Brown & Meyerhof (1969)’s solution (i.e. 6.05cu2), or b) the 
use of the average strength over the depth of B/2 or B from the uppermost level 
within the lower layer as an equivalent ‘uniform’ strength of the lower layer cu2. 
The proposed solutions show reasonably good agreement with the measured peak 
spudcan resistance in ‘Series 2’ tests with errors less than 15%, thereby suggesting 
validity of these solutions. 
(3)  A simple conceptual model based on the observed failure mechanisms is proposed 
to provide a physical explanation for the change from a ‘post-peak reduction’ 
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profile to a ‘monotonic increase’ profile in the spudcan load-penetration response 
with decreasing crust layer thickness. In this conceptual model, considering the 
crust plug as a free body, the spudcan resistance could be given by the sum of the 
side resistance and the base resistance on the plug. With increasing spudcan 
penetration depth, the side resistance tends to decrease whereas the base resistance 
tends to increase. It could be shown that the interaction between these two 
opposing components tends to produce a ‘post-peak reduction’ profile for a thick 
crust layer and a ‘monotonic increase’ profile for a thin crust layer. 
(4)  H/B, cu2/cu1, and cu2/(γ2′B) are shown to have significant effects on the spudcan 
load-penetration response and the potential for punch-through.  For 0.1 ≤ H/B ≤ 1, 
a decrease in H/B reduces the potential for punch-through. An increase in cu2/cu1 
likewise reduces the potential for punch-through, possibly causing a change from a 
‘post-peak reduction’ to a ‘monotonic increase’ load-penetration profile. A 
decrease in cu2/(γ2′B) gives larger spudcan resistance as well as smaller depth of 
initiation of soil backflow (Dbf). During the initial penetration up to Dbf, smaller 
cu2/(γ2′B) gives lower potential for punch-through. Beyond Dbf, however, cu2/(γ2′B) 
does no longer have significant effects on the potential for punch-through. 
7.2 Areas for further study 
The present study is limited to the simplified case of two-layer clay. In practice 
however, the soil profile is likely to be multi-layered. For example, in the Sunda Shelf, 
the profile often consists of a layer of soft clay overlying a crust layer followed by 
another layer of soft clay (Castleberry & Prebaharan, 1985). The effects of the 
overlying soft clay layer on the spudcan load-penetration response in such multi-
layered clay have not been investigated. The soil failure mechanisms during spudcan 
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penetration in such multi-layered clay are expected to be different from the 
mechanisms in two-layer clay as presented in this study. The potential for punch-
through may be accordingly different. Challenges in this area of study include the 
preparation of multi-layered clay in the laboratory. 
Another area for further study is the effects of partial consolidation or dissipation of 
excess pore water pressure during spudcan penetration. While spudcan penetration in 
clay is normally an undrained process, some unexpected delay during spudcan 
preloading could cause significant dissipation of excess pore water pressure during the 
penetration. This may cause ‘set up’ or local stiffening of clay beneath the spudcan, 
which may result in punch-through (Rapoport & Young, 1988; Young et al., 1984). 
The local stiffening effects may be more significant when there are variations in soil 
permeability with depth. In the present study, the Eulerian finite element method (with 
an explicit integration scheme) is limited to total-stress analysis (i.e. without pore 
water pressure). Further work is required to incorporate pore water pressure in 
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Appendix A. Procedure for smoothing spudcan load-penetration response 
from numerical analysis  
A spudcan load-penetration response obtained from a numerical analysis in its raw 
form is shown in Figure A.1. The raw response is smoothened by simply averaging the 
raw spudcan resistance values over an interval of D/B equal to 0.02. Hence the 
smoothened spudcan resistance value at D/B = y is the average of the raw spudcan 
resistance values from D/B = y−0.01 to D/B = y+0.01. The resultant smoothened load-
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cu1 = 100 kPa

















Figure A.1. Raw and smoothened spudcan load-penetration response from numerical 
analysis 
 
